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ABSTRACT 
ANAEROBIC CO-DIGESTION OF AQUEOUS LIQUID FROM BIOSOLIDS 
PYROLYSIS 
 
Seyedehfatemeh Seyedi 
Marquette University, 2018 
Pyrolysis is a process to treat biosolids and recover energy. During pyrolysis, conversion 
of organic matter to energy-rich products yields biochar, py-gas, and pyrolysis liquids 
(aqueous phase and non-aqueous bio-oil). The aqueous pyrolysis liquid (APL), is a high-
COD liquid with no apparent use that contains polycyclic aromatic hydrocarbons and 
nitrogen-containing compounds. One potential beneficial use of APL is as a co-digestate 
to produce more biogas for renewable energy from anaerobic digesters at municipal water 
resource recovery facilities. Some of the organics in APL may be converted to biomethane 
via anaerobic digestion under proper conditions. However, some APL organics are known 
to inhibit methane-producing microbes. Biosolids APL can also contain high 
concentrations of NH3-N that inhibit methane production. 
In this study, sustainable, unacclimated anaerobic digester organic loading rates for APL 
from biosolids pyrolysis were determined using anaerobic toxicity assays (ATA). APL 
loading rates higher than 0.5 gCOD/L for non-catalyzed APL and 0.10 g COD/L for 
catalyzed APL were not sustainable due to toxicity. By means of pretreatment by NH3-N 
air stripping, the potential toxicity exerted from NH3-N was decreased considerably 
(>80%). NH3-N was not the main inhibitory constituent and other organic constituents in 
APL caused considerable inhibition of methane production. In subsequent testing, 
continuous co-digestion of APL and synthetic wastewater primary sludge was performed 
while digester function and microbial community composition changes were evaluated. 
During quasi steady state operation, digesters that received catalyzed APL exhibited 
greater inhibition of methane production than digesters fed non-catalyzed APL. However, 
NH3-N stripping in non-catalyzed APL increased methane production rate; additional 
methane production was observed when non-catalyzed aerated APL was co-digested (1.5 
± 1.7 mL/day extra methane). Shifts in the Archaeal community composition in inhibited 
digesters (received catalyzed APL) versus uninhibited digesters (control digesters and 
digesters received non-catalyzed APL) was observed. The archaeal genus Methanosaeta 
dominated in uninhibited digesters, whereas in inhibited digesters hydrogenotrophic 
Methanobrevibacter was dominant and growth of acetate-consuming Archaea (i.e., 
Methanosaeta) was inhibited. Inhibited digesters had distinctly different Bacterial 
community composition from those in uninhibited digesters and Clostridium was the 
dominant Bacterial genus in all digesters. Results suggested that the microbes started to 
acclimate to the catalyzed APL; however, using an already acclimated biomass may be 
more efficient. A future study using acclimated biomass by bioaugmentation could be used 
to prove this hypothesis. 
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1. Introduction and literature review 
1.1. Pyrolysis and sustainability 
The volume of sludge being produced during water reclamation processes is increasing due 
to population increase and strict effluent requirements (Bravo et al., 2018; Agrafioti et al., 
2013). Many conventional methods are being used to manage biosolids such as 
incineration, landfills, or direct use of biosolids in agriculture (McNamara et al., 2016; 
Agrafioti et al., 2013). However, due to health and environmental concerns from excess 
nutrients and solids load to environment as well as the desire for energy recovery and 
resource recovery, other technologies such as additional thermal processes are being 
investigated to process biosolids (Khazaei et al., 2017a, McNamara et al., 2016; Bridle & 
Skrypski-Mantele, 2004).  
Pyrolysis is one thermochemical technology that has been used to convert biosolids to 
energy rich products in the absence of oxygen using high temperatures of greater than 
400°C (McNamara et al., 2016; Tsai et al., 2009). During pyrolysis, organic matter is 
decomposed, and biochar, py-gas, and pyrolysis liquid are produced. Pyrolysis can produce 
renewable bioenergy and useful biochar as well as reduce greenhouse gas emissions (Laird 
et al., 2009). 
1.1.1. Pyrolysis products 
Biochar has significant environmental benefits; it contains some nutrients for plants and 
can be beneficially used as a soil amendment (McNamara et al., 2016; Laird et al., 2009). 
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It also has been shown that biochar can be used to remediate contaminated soil and mitigate 
climate change by sequestering carbon in soil (Chen et al., 2014; Agrafioti et al., 2013). 
Py-gas can be used as an energy source since it consists of methane, carbon monoxide, and 
hydrogen gas, that can be burned as well as carbon dioxide (McNamara et al., 2016; 
Domínguez et al., 2006). It is a relatively clean fuel for gas engines and boilers and it does 
not require the significant upgrading that bio-oil typically requires. Hence, increasing py-
gas and reducing bio-oil yields can be a favorable process to increase energy recovery at 
water resource recovery facilities (Liu et al., 2017). 
One group of products is the condensable fraction of the pyrolysis gas, called pyrolysis 
liquid. Pyrolysis liquid, a light- to dark-brown, free-flowing liquid with a distinctive odor, 
consists of a complex mixture of up to 400 organic compounds including acids, alcohols, 
aldehydes, esters, ketones, and aromatic compounds (Huber et al., 2006). Studies regarding 
the production of pyrolysis liquid from sewage sludge have shown that pyrolysis liquid is 
separated into an organic phase and an aqueous phase, or into two different organic phases 
and an aqueous phase (Fonts et al., 2012; Park et al., 2008). The separated phases have 
different compositions and water content values). APL is known to have 85-90% water 
content while bio-oil contains <10% water content but high carbon content and heating 
value (Chen et al., 2016). The variability of water mass produced along with different 
polarities and different densities of the compounds in pyrolysis liquids are the main reasons 
for phase separation (Fonts et al., 2009). The typical organic phase known as pyrolysis oil, 
or bio-oil, has a specific gravity (SG) less than one and has dark brown color (Hubner et 
al., 2015). The typical aqueous phase liquid (APL), however, with a SG of approximately 
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1, has a light brown color and physically separates to form an aqueous phase layer that is 
observable under the bio-oil phase. 
Conditioned bio-oil is a promising alternative energy substitute for finite fossil fuel (Xiu 
& Shahbazi, 2012). It is a renewable fuel that can be burned in industrial boilers for heat 
and energy generation (McNamara et al., 2016, Chen et al., 2014); however, crude (i.e., 
unconditioned) bio-oil may reduce combustion performance in some current combustion 
systems. Due to its high viscosity, high water and ash content, and high corrosiveness, the 
application of crude bio-oil is limited (Evans & Milne, 1987, Xiu & Shahbazi, 2012). Crude 
bio-oil is also unstable and can change physical properties upon aging. Crude bio-oil may 
polymerize during storage and viscosity can increase (Evans & Milne, 1987, Mohan et al., 
2006). Therefore, bio-oil upgrading (i.e., conditioning) is typically required to obtain a 
product that can be used as a stable, clean-burning liquid fuel (Zarghami et al., 2012). 
The last pyrolysis product is aqueous pyrolysis liquid (APL). APL typically has a distinct 
petroleum, tar-like odor that is comprised of up to 400 complex organic compounds 
(Hübner and Mumme, 2015). It is mostly generated from initial moisture that is in the 
feedstock and/or produced during pyrolysis reactions (Mohan et al., 2006). Unlike bio-oil 
that can be upgraded to useful fuels or chemical material because of its high organic 
content, there has been no apparent use found for APL. The aqueous phase is characterized 
by low heating values and high water content and contains many compounds (Li et al., 
2009; Torri & Fabbri, 2014). If APL is discharged without processing or treatment, it can 
pollute the environment because of its high organic strength and result in decreased water 
quality in receiving water bodies because of oxygen depletion (Hamidi et al., 2017).  
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Some studies investigated the possibility to use APL as an additive to the organic phase 
(bio-oil) to reduce the bio-oil viscosity for use as fuel in industrial boilers (Boucher et al., 
2000). However, they concluded that adding APL does not have any influence on the 
viscosity of the bio-oil, but its “flowability” effect was beneficial. These authors mentioned 
that incorporating APL with bio-oil beneficially uses the APL. However, there is a need to 
develop other appropriate ways to utilize APL and recover its potential energy. 
1.1.2. Factors affecting phase separation of pyrolysis liquids 
Presence of char particles, waxy materials, aqueous droplets, droplets of other liquids and 
micelles formed of heavy compounds in a matrix of hollocellulose-derived compounds and 
water contribute to the multiphase complex structure of biomass pyrolysis oils (Garcìa-
Pérez et al., 2006). The factors that affect phase separation are temperature, the type of 
sewage sludge pyrolyzed, the phase separation procedure and the operational conditions of 
the liquid condensation system (Fonts et al 2009, Fonts et al., 2012). In a study carried out 
by Kaminsky and Kummer (1989), increased temperature resulted in decreased proportions 
of organic phase from 76% to 72%. Fonts et al. (2009) found that temperature also affected 
the number of phases that appeared in the liquid. They also determined that changes in 
composition of the sewage sludge significantly influenced the phase separation and the 
distribution of the phases. 
1.1.3. Pyrolysis Parameters  
The identity and concentration of pyrolysis products depend on multiple parameters such 
as the identity of the feedstock pyrolyzed, temperature, reactor residence time, and 
pyrolysis method. These variables can affect the yields and properties of the products 
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(Chen et al., 2014, Yurtsever et al., 2009). Common feedstock investigated in pyrolysis are 
wood, corn stover, rice husk, nutshell, and wastewater biosolids (McNamara et al., 2016, 
Chen et al., 2014; Mukome et al., 2013). Pyrolysis can be conducted under temperatures 
ranging from 400 °C to 1000 °C (McNamara et al., 2016). Pyrolysis processes can be 
categorized as either slow or fast pyrolysis. Slow pyrolysis operates with a slow heating 
rate and a long residence time, whereas fast pyrolysis results in a thermochemical process 
at a rapid heating rate (Mohan et al., 2006, Bridgwater et al., 1999). The reactor residence 
time can vary from seconds in fast pyrolysis to minutes in slow pyrolysis.  
1.1.4. Bio-oil and APL chemistry 
The exact composition of pyrolysis oil depends on feedstock type, organic nitrogen content 
of feedstock, heat transfer rate, time and temperature of vapors in the reactor, efficiency of 
the char removal system, efficiency of the condensation equipment to recover the volatile 
components from the noncondensable gas stream and other parameters (Huber et al., 2006). 
However, there is a common agreement that pyrolysis liquid is a complex mixture of water 
and numerous organic compounds (Mohan et al., 2006). The chemical types identified in 
various pyrolysis liquids are listed by many authors. As summarized by Mohan et al. 
(2006), pyrolysis oil is comprised of guaiacols, catecols, syringols, vanillins, 
furancarboxaldehydes, isoeugenol, pyrones, acetic acid, formic acid, and other carboxylic 
acids, as well as other major groups of compounds, including hydroxyaldehydes, 
hydroxyketones, sugars, carboxylic acids, and phenolics (Mohan et al., 2006). Milne et al. 
(1997) have reported the chemical compositions of the pyrolysis oil in major groups of 
acids, esters, alcohols, ketones, aldehydes, formaldehyde, miscellaneous oxygenates, 
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sugars, furans, phenols, methyl phenol, guaiacols, and syringols (Figure 1). Their findings 
are consistent with a more recent study conducted by Branca et al., (2003). 
 
Figure 1. Chemical compounds of bio-oils from fast pyrolysis of plant biomass 
according to Milne et al. (1997).  Biomass fractions and the most abundant compounds in 
each fraction are also shown. (Adapted from Huber et al. 2006) 
Multiple reactions take place during pyrolysis including hydrolysis, dehydration, 
depolymerization, dehydrogenation, aromatization, retro-condensation, and coking (Huber 
et al., 2006). Degradation of lignocellulosic materials results in formation of 
multicomponent mixtures in pyrolysis oil. Cellulose, hemicellulose and lignin, that are 
building blocks of lignocellulose, undergo depolymerization and fragmentation reactions. 
From the lignin fraction, the guaiacols and syringols are created, whereas the miscellaneous 
oxygenates, sugars, and furans form from the cellulose and hemicellulose fraction. 
Decomposition of the miscellaneous oxygenates, sugars, and furans then results in 
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formation of esters, acids, alcohols, ketones, and aldehydes (Branca et al., 2003; Huber et 
al., 2006). 
Unlike petroleum fuels, bio-oil contains a large oxygen content and it resembles the 
biomass from which it was derived more than it resembles petroleum oils. More than 300 
compounds identified in pyrolysis oil contain oxygen in their structure (Czernik & 
Bridgwater, 2004). The oxygen content in bio-oil is dependent on the bio-oil water content 
and the main reason for the difference in the properties and behavior between hydrocarbon 
fuels and biomass pyrolysis oil is the presence of oxygen (Mohan et al., 2006).  While 
crude petroleum oil contains 0.1-1.5% oxygen (Speight, 1997), pyrolysis oil has 45-50% 
oxygen and an approximate analysis of its chemistry offered a chemical formula of 
CH1.9O0.7 which corresponds to ~46% (by mass) oxygen in one study (Mohan et al., 2006). 
Much overlap of compound type exists in both bio-oil and APL; however, APL contains a 
large amount of water. Not many studies have focused on the APL and its chemical 
composition. Li et al. (2009) summarized that APL consisted of organic compounds such 
as acetic acid, hydroxyacetone and phenol. Torri and Fabri (2014) described volatile fatty 
acids concentrations (VFAs) and some other components in APL derived from pyrolysis 
of corn stalk pellets under 400 °C in a fixed bed reactor (Table 1). They also reported 
theoretical (ThOD) and biochemical oxygen demand (BOD) of the APL as ThOD= 0.7 
gCOD/g APL and BOD= 0.62 gCOD/g APL. BOD was determined based on a 28-day time 
period. 
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Table 1. Chemical characterization of the APL according to Torri and Fabbri et al. 
(2014) 
Chemicals compounds g/kg of APL 
Acetic acid 26 
Propionic acid 1.6 
Isobutyric acid 0.1 
Butyric acid 0.5 
Isovaleric acid 3.2 
Valeric acid 0.1 
Hydroxyacetaldehyde 19 
Small oxygenated compounds 42 
Hydroxyacids 6 
Anhydrosugars 4.2 
Phenols 17 
Furans 14 
Nitrogen-containing compounds 2.4 
 
Boocock et al. (1988), have reported that the liquid compounds were derived mainly from 
the lipid as well as protein fraction of sewage sludge which results in high nitrogen content 
(Boocock et al. 1988, Fontz et al., 2009). In some research, the high nitrogen content of the 
liquid product obtained from sewage sludge pyrolysis was highlighted (Fontz et al., 2009).  
Park et al. (2008), investigated the nitrogen content in pyrolysis oils obtained from 
pyrolysis of dried sewage sludge containing polymer flocculants in a fluidized bed reactor 
at temperatures between 446 and 720 °C. They reported that relatively high nitrogen 
content, from 5 to 7 wt%, and mainly due to NH3-N produced during pyrolysis. And about 
70% of the total nitrogen in the pyrolysis oils was in the form of NH3-N.  
Although pyrolysis liquids from sewage sludge have heating values and viscosities that 
may appear to be promising for fuel applications, the high nitrogen content is a drawback 
that limits its possible applications (Fontz et al., 2009). The aqueous phase of wastewater 
biosolids pyrolysis liquid also has high pH. In a study conducted by Domínguez et al. 
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(2006), the pH of the aqueous phase of sewage sludge pyrolysis liquid was approximately 
8. 
1.1.5. Catalyzed pyrolysis can eliminate bio-oil 
Although pyrolysis liquid is a potential feedstock to produce energy and bio-fuels, the wide 
range of components present and their potential toxicity limit the possible anaerobic 
digestion of pyrolysis liquid. Most of the time, conversion of biomass to liquid fuels begins 
with gasification or pyrolysis, and then it is followed by a thermal or catalytic upgrading 
of the gas or biocrude liquids to meet the high requirements for fuel and chemical 
production (Hübner and Mumme, 2015; Mohan et al., 2006). The chemistry of bio-oil can 
be manipulated by changing the thermal conditions of the process or by conducting 
pyrolysis in the presence of catalysts. Use of a catalyst can cause the bio-oil composition 
to undergo a drastic change. Part of the organic fraction can be transformed to the aqueous 
fraction due to cracking and the aqueous phase can go through dehydration, 
decarboxylation, and decarbonylation processes (Mohan et al., 2006). 
Horne and Williams (1994) used zeolite as catalyst and evaluated its effects on bio-oil 
composition. They summarized that oils were highly oxygenated before catalysis and after 
catalysis the oils had less oxygenated species present including phenols and carboxylic 
acids. In contrast to a decrease in oxygenated compounds, aromatic content and polycyclic 
aromatic hydrocarbons (PAHs) species have increased after catalysis under some 
conditions (Horne and Williams, 1994). Many of these studies focused on the reduction of 
the oxygen content of the liquids in order to improve its properties such as heating value 
or viscosity (Fonts et al., 2012). According to Fonts et al. (2012), the catalytic pyrolysis of 
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sewage sludge has not yet been practiced with the aim to reduce the nitrogen content of the 
liquid.  
As written above, applications of raw bio-oil are limited due to instability and high 
corrosiveness, while the cleaner py-gas can be more easily burned for energy production. 
Catalysis could be an efficient method to reduce bio-oil generation and increase py-gas 
yield. Some studies have reported using biochar derived from wood and corn stover as 
catalysts to increase py-gas yield (Sun et al., 2012; Gilber et al., 2009). A recent study has 
investigated the use of biosolids-derived biochar as catalyst (autocatalysis) and showed 
that it can reduce bio-oil production while increasing py-gas yields (Liu et al., 2017). 
Autocatalytic pyrolysis changed the bio-oil composition as well as its volume and the APL 
remaining after autocatalysis had significantly lower organic content (Liu et al., 2017).   
1.2. Anaerobic digestion and anaerobic co-digestion 
Anaerobic digestion (AD) is the biological conversion of organic matter to biogas 
containing methane and carbon dioxide in the absence of oxygen (Pullammanappallil et 
al., 1998). Offering significant benefits such as low energy requirements, low biomass 
yield, energy production from methane, and ability to remove certain contaminants which 
cannot be aerobically degraded, anaerobic digestion has become a conventional process to 
stabilize wastewater biosolids (Tchobanoglous et al., 2003; Chen et al., 2008). Multiple 
steps that are involved in anaerobic conversion of organic matter to biogas consisting of 
hydrolysis, acidogenesis, acetogenesis, and methanogenesis and each step is carried out by 
a different group of microorganisms (Figure 2) (de Mes et al., 2003; Gerardi 2003). 
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Figure 2. Schematics of anaerobic digestion processes 
Hydrolysis is the breakdown of non-soluble biopolymers such as carbohydrates, lipids, 
proteins etc., to soluble organic compounds like amino acids, sugars, and fatty acids (de 
Mes et al., 2003; Parkin & Owen, 1986). Hydrolysis reactions are carried out by hydrolytic 
Bacteria that produce hydrolytic enzymes e.g., cellulases, lipases and proteases to break 
down long chain polymers (de Mes et al., 2003; Appels et al, 2008; Singh & Harvey, 2010). 
The next step is acidogenesis, which is performed by acidogenic Bacteria. The hydrolyzed 
materials are converted to soluble organics such as volatile fatty acids and alcohols (de 
Mes et al., 2003). Other by-products such as NH3, CO2, and H2S are also generated (Appels 
et al, 2008). Acetogenesis is the third step in anaerobic digestion. During acetogenesis, 
volatile fatty acids and alcohols are further digested by acetogenic Bacteria to produce 
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acetic acid or hydrogen and carbon dioxide (de Mes et al., 2003; Appels et al, 2008). 
Finally, methanogenic Archaea generate methane in two different ways; either by taking 
acetate and converting it to methane and carbon dioxide, or by using hydrogen and carbon 
dioxide to produce methane (Appels et al, 2008). 
Anaerobic digestion performance is affected by several operating factors including 
temperature, pH and alkalinity, adequate retention time, proper mixing, sufficient 
concentrations of nutrients, and absence of toxic material (de Mes et al., 2003; Parkin & 
Owen, 1986; Appels et al, 2008). Temperatures in the mesophilic range (30-38 ºC or 95-
105 ºF) are often used to operate anaerobic digesters (Metcalf and Eddy, 2003). According 
to Speece (2008), optimum pH for methanogenesis is in the range of 6.8 to 8.3. Retention 
time, and specifically solids retention time (SRT), has been used as the most important 
design factor for anaerobic digesters that can affect the system performance (Parkin & 
Owen, 1986). Hence, sufficient time (SRT) must be employed for anaerobic digesters to 
allow volatile solids (VS) or chemical oxygen demand (COD) destruction (Metcalf & 
Eddy, 2003). Another important factor is efficient mixing to provide adequate contact 
between microorganisms and the substrate (Metcalf & Eddy, 2003). Proper nutrients 
should also be supplied for efficient digestion. A list of required nutrients is provided in 
Speece (2008). Multiple compounds exert toxicity at excessive concentrations such as 
NH3-N, heavy metals, and cations such as Na+, K+ and Ca++ that can decrease digestion 
efficiency at high concentrations (de Mes et al., 2003). 
Anaerobic co-digestion is a modification to the anaerobic digestion process that is used to 
digest a combination of two or more wastes (Zitomer et al., 2008). According to literature, 
animal manure, municipal wastewater sludge, and municipal solid waste are three most 
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commonly used main co-digestion wastes (Alatriste-Mondragón et al., 2006). There are 
three possible outcomes from co-digestion process; neutral, synergistic, and antagonistic 
(Zitomer et al., 2008). If the total methane production is the same when the co-digestates 
are combined, relative to each co-digestate digested alone, then the outcome is considered 
neutral. However, when antagonistic outcome occurs, the total methane production is less 
when the co-digestates are combined, relative to each co-digestate digested alone. An 
example of antagonistic outcome is when there are potential toxicants such as NH3-N 
present in one of the co-digestates.  
1.2.1. Anaerobic digestion and pyrolysis 
Energy recovery from sewage sludge has gained attention recently due to energy issues 
and environmental concepts associated with conventional sludge treatment such as landfill 
and land application. Among different technologies that have been employed to recover 
energy from sewage sludge, anaerobic digestion and pyrolysis are two processes that can 
be utilized to convert sewage sludge to energy (Cao & Pawłowski, 2012). Anaerobic 
digestion is a well-established process to convert sludge to biogas containing methane 
which is a valuable source for heat and energy. Digested sludge still holds potential to 
further decompose and provide energy. Studies have demonstrated that pyrolysis of raw or 
digested sludge is a beneficial technology that decomposes organic matter and generates 
energy-rich by-products in forms of biochar, bio-oil and gas (Cao & Pawłowski, 2012). 
Integrating pyrolysis and anaerobic digestion of pyrolysis products may provide an 
opportunity to sustainably manage sewage sludge and energy. 
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1.2.2. Anaerobic digestion of APL 
One approach to enhance biogas production of anaerobic digestion is to feed the liquid 
products of pyrolysis to the anaerobic digester. Some studies have previously looked at the 
possibility of anaerobic digestion of pyrolysis liquids adapted from different pyrolysis 
processes. Andreoni et al. (1990) have reported the feasibility of anaerobic digestion on 
pyroligneous acid (similar to APL) from wood pyrolysis mixed with swine slurry (for pH 
correction). The digesters were filled with wood-chips or PVC media as support media. 
Torri & Fabbri (2014), described anaerobic digestion of the aqueous phase from corn stalk 
pyrolysis. According to their results, anaerobic digestion was inhibited in batch tests; 
however, by adding biochar to the systems, methane production rate increased, possibly 
because potentially toxic chemicals in the aqueous phase were adsorbed by biochar and 
rendered non-bioavailable in the digester. In another study, the aqueous liquor from 
digestate pyrolysis was fed to anaerobic digesters and potential inhibitory effects on 
anaerobic digestion were characterized (Hübner and Mumme, 2015). The batch study was 
conducted using an un-adapted inoculum, with three pyrolysis liquors produced at 330 °C, 
430°C and 530°C. They observed that pyrolysis liquid produced at lower temperatures 
(330°C and 430°C) exhibited less inhibition than the ones generated at higher temperatures. 
Aqueous liquor from coal gasification which is analogous to the aqueous phase from 
pyrolysis were evaluated for anaerobic digestion by Cross et al. (1982). The authors 
described acclimation of microbes to operate on dilute coal gasification wastewater using 
granular activated carbon. Wastewater from hydrothermal carbonization of maize silage, 
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which is also similar to pyrolysis liquor, was used in anaerobic digestion and high COD 
removal efficiency was reported (Wirth & Mumme, 2014).  
Most of the studies conducted on anaerobic digestion of the aqueous phase of pyrolysis 
liquid have been done in batch studies. Furthermore, most of them have used some material 
in the digester, such as biochar, to reduce the APL toxicity to make anaerobic treatment 
possible. Despite these investigations, there are still concerns about toxic effects of organic 
compounds present in the APL such as phenol that could significantly influence the 
viability of anaerobic digestion. Moreover, high concentrations of NH3-N present in the 
APL could also result in process inhibition. The goal of this study was to evaluate anaerobic 
degradability of the aqueous phase from pyrolysis of biosolids as well as to study the 
inhibitory effects and shifts in microbial communities when APL was co-digested. 
1.3. Problem Statement 
Pyrolysis is a thermochemical process yielding py-gas for energy and biochar, a valuable 
carbon soil amendment, from wastewater solids. However, an aqueous liquid with high 
COD is also produced and must be managed. APL contains some organics (e.g., acetate) 
that may be converted to biomethane via anaerobic digestion. However, high NH3-N and 
specific, toxic organics (e.g., phenol) in APL can inhibit methane production. In this study, 
the estimated organic loading of catalyzed and non-catalyzed APLs that is sustainable for 
anaerobic digesters was determined. In addition, four hypotheses were tested: 
1. Methane production rate from APL is inhibited partly due to high NH3-N 
concentration in APL. 
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2. Autocatalytic pyrolysis of the APL changes its anaerobic degradability such 
that non-catalyzed APL is more toxic to anaerobic microbes than catalyzed 
APL. 
3. Continuous co-digestion of APL and synthetic wastewater results in higher 
methane production. 
4. The microbial community acclimates and changes when catalyzed and non-
catalyzed APLs are co-digested with synthetic sludge. 
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2. Aqueous pyrolysis liquid (APL) bench-scale anaerobic digestion 
A revised version of this chapter will be submitted to the journal Bioresource Technology 
as: 
 
Seyedi, S., Venkiteshwaran, K., and Zitomer, D. Anaerobic Degradability and Toxicity of 
the Aqueous Pyrolysis Liquid (APL) Derived from Biosolids Pyrolysis, Bioresource 
Technology. 
 
2.1. Introduction 
During water reclamation processes, a large volume of wastewater solids is generated, and 
this volume is increasing because of population growth and strict effluent requirements 
which are being implemented (Bravo et al., 2017). Concerns from excess nutrients and 
solids load to environment along with the desire for energy and resource recovery, have 
led to investigations for other viable technologies to process biosolids (Khazaei et al., 
2018). A sustainable approach to manage the large amount of biosolids produced is to use 
it as feedstock to generate renewable energy. Pyrolysis is one conversion technology to 
collect this energy by heating the biosolids to high temperatures of greater than 400°C 
under anoxic conditions (Liu et al., 2017). The byproducts of biosolids pyrolysis process 
are biochar, py-gas, and pyrolysis liquid. Feeding pyrolysis liquid into anaerobic digestions 
is one method to increase energy production. 
Anaerobic biological treatment is commonly used to stabilize sludge and treat high-
strength wastewater (Owen et al., 1979). It provides several advantages compared to 
aerobic treatment, including low energy consumption since no aeration is required, low 
biomass yield which reduces disposal and handling costs, and energy generation from the 
biomethane produced (Chen et al., 2008). However, concerns about wide application have 
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been raised since wastewater may contain chemicals which are toxic to methanogenic 
microorganisms (Esposito et al, 2012; Zitomer et al., 2016). One major cause of instability 
or failure of anaerobic reactors is the presence of inhibitory substances in wastewater (Chen 
et al., 2014).  
A substance is considered toxic when it inhibits Bacterial growth (Chen et al., 2014). There 
are several organic and inorganic chemicals that can result in anaerobic digester inhibition 
including excessive concentrations of volatile fatty acids (VFAs), ammonia nitrogen (NH3-
N), salts, heavy metals, and hydrogen sulfide (H2S) (Kroeker et al., 1979; Chen et al., 
2014). Bioassay techniques have been developed to determine biodegradability and 
potential inhibitory effects of specific chemicals in anaerobic digestion (Owen et al., 1979). 
For example, biochemical methane potential (BMP) is a procedure to determine 
degradability of a substrate in an anaerobic environment by monitoring cumulative 
methane production (Owen et al., 1979). In addition, the anaerobic toxicity assay (ATA) 
can be used to determine the potential toxicity of a sample with regards to methanogenic 
activity (Owen et al., 1979). The results can be used to determine the concentrations of 
digestates that decrease biogas production (Kusowski et al., 2009). Inhibitory effects can 
be calculated based on the concentration of the digestate that causes a 50% decrease in the 
methane production rate (i.e., the IC50 concentration). To fulfill the first objective of this 
study which is to estimate APL organic loading that would be sustainable for anaerobic 
digesters, ATA was performed (Speece, 2008). 
High NH3-N concentration is one of the possible causes of inhibition in anaerobic digesters. 
While nitrogen is a necessary nutrient for anaerobic microorganisms and total NH3-N 
concentrations below 200 mg/L are beneficial to the anaerobic process, concentrations of 
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NH3-N higher than approximately 3 g/L can exert toxicity and decrease microbial activity 
(Liu and Sung, 2002). Biological degradation of nitrogenous matter which is mostly in the 
form of protein and urea results in production of NH3-N in anaerobic digesters (Kayhanian, 
1999; Chen et al, 2014). The two forms of NH3-N in aqueous solution are ammonium ion 
(NH4+) and free ammonia (NH3). NH3-N inhibition can be due to multiple factors including 
a change in the intracellular pH and inhibition of a specific enzyme reaction (Whittmann 
et al., 1995; Rajagopal et al., 2013). It has also been proposed that NH3 is a cause of 
inhibition because it can permeate the cellular membrane and lead to protein imbalance 
and/or potassium deficiency (Kroeker et al., 1979; Sprott and Patel 1986; Speece 1996; 
Yenigün, & Demirel, 2013).  
Methanogens are the least tolerant among four types of anaerobic microorganisms that can 
be affected by NH3-N toxicity (Kayhanian, 1994). There are disagreements about the 
sensitivity of acetoclastic and hydrogenotrophic methanogens to NH3. According to some 
studies, hydrogenotrophic methanogens are more tolerant of NH3 than acetoclastic 
methanogens (Chen et al., 2008).  
NH3 starts to exhibit toxicity at concentrations of 3 to 5 g/L NH3-N at neutral pH and 35°C 
with unacclimated biomass (Speece, 1996). To study NH3-N inhibition, pH should be 
considered because it affects the growth of microorganisms as well as the dominant form 
of total NH3-N. A pH increase, results in a shift to a higher NH3/NH4+ ratio and NH3 is 
significantly more toxic than NH4+ (Liu & Sung, 2002; Chen et al., 2014). Two common 
physical-chemical unit operations to remove NH3-N from wastewater and reduce the 
associated toxicity are air stripping and chemical precipitation ((Kabdasli et al., 2000; Chen 
et al., 2008).  
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In this study, both catalyzed and non-catalyzed aqueous pyrolysis liquids (APL) contained 
high concentrations of NH3-N that could be inhibitory in anaerobic digestion. NH3-N 
stripping was employed to reduce NH3-N concentration present in both catalyzed and non-
catalyzed APLs. 
2.2. Methodology 
 APL NH3-N stripping 
Air stripping was utilized as a pretreatment to reduce NH3-N concentration in some APL 
samples tested for toxicity to anaerobic microorganisms. For this, 30 mL of catalyzed or 
non-catalyzed APL was aerated at 2 L/min with air saturated with water vapor for 9 hr to 
air-strip NH3-N. The chemical compositions of both aerated and non-aerated APL samples 
were analyzed.  
 Anaerobic toxicity assay (ATA) 
ATA testing was used to measure the adverse effect of different APLs on the rate of 
methane production from the readily available substrate (Owen et al., 1979; Speece, 2008). 
For the ATA test, a known dose of a readily available substrate was added to each of a set 
of bottles containing methanogenic biomass. Then a different dose of the APL to be tested 
is added to each bottle. Acetate is usually used as the easily degradable substrate and it is 
supplemented at very high concentrations (10 times higher than their respective Ks) to 
ensure a maximum rate for biomass activity is attained that is not substrate-limited (Speece 
2008).  
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For ATA analysis, each of six serum bottles were fed at different APL concentrations (0, 
0.06, 0.3, 2.3, and 4 g/L COD/bottle) and all bottles also received 10 g/L calcium acetate 
using the typical ATA procedure (Speece, 2008) (Table 2). COD loadings were selected 
with the intent to provide concentrations ranging from non-inhibitory to extremely 
inhibitory conditions to determine the maximum concentration that would be sustainable 
for anaerobic digestion. Serum bottles were inoculated with anaerobic digester biomass 
taken from lab-scale anaerobic digesters fed non-fat dry milk and nutrients.  
The aerated catalyzed APL digesters were operated with the same COD loadings but 
contained lower NH3-N loading to prevent process inhibition from NH3-N toxicity (Table 
2). According to Speece (1996), NH3-N does not inhibit methane production at 
concentrations less than approximately 3 to 5 g/L (Speece, 1996). To determine the toxic 
concentration of NH3-N to the seed biomass used for this experiment, NH3-N ATA tests 
were also performed on the biomass using the typical ATA procedure (Speece, 2008). Four 
sets of triplicate serum bottles received NH3-N loading rates of 0, 3, 6, and 9 g/L NH3-N 
by adding NH4Cl. All bottles also received 10 g/L calcium acetate. During all ATA testing, 
cumulative biogas volume produced was measured daily using a 100-mL glass syringe with 
a wetted glass barrel.  
Table 2. ATA setup for catalyzed and non-catalyzed APLs 
Bottle 
number 
Catalyzed and non-catalyzed 
APL COD loading 
(g COD/L) 
Catalyzed APL NH3-N loading 
(g NH3-N/L) 
Without Aeration With Aeration 
1 0 0 0 
2 0.06 0.06 0.01 
3 0.3 0.3 0.07 
4 0.6 0.6 0.14 
5 2.3 2.3 0.5 
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6 4 4 0.9 
 
 Analytical methods 
Biogas methane concentration was measured by gas chromatography (GC System 7890A, 
Agilent Technologies, Irving, TX, USA) using a thermal conductivity detector. The total 
solids (TS), volatile solids (VS), total suspended solids (TSS) and volatile suspended solids 
(VSS) analyses were performed in 103°C and 550°C ovens by standard methods using 
porcelain and aluminum crucibles (APHA et al., 1998). VFA concentrations were 
measured by gas chromatography (GC System 7890A, Agilent Technologies, Irving, TX, 
USA) using a flame ionization detector. The pH of APLs was measured using a pH probe 
and meter (Orion 4 Star, Thermo, Waltham, MA, USA). NH3-N concentration was 
measured according to standard methods (Section 4500 C, APHA et al., 1998). Statistical 
analyses including average and standard deviation calculations were performed using 
Microsoft Excel 2015. 
Further analyses of APL constituents were performed by gas chromatography-mass 
spectrophotometry (GC-MS) at the BP American Petrochemical Technology Laboratories 
(Naiperville, IL) and at the Dynalene Laboratory Services laboratories (Whitehall, PA) as 
well as by GC-FID at the Iowa State University Bioeconomy Institute Laboratory (Aimes, 
IA). 
Analysis at BP American Petrochemical Technology Laboratories was performed using a 
GC-MS system (HP-6890 GC with a 5972A mass selective detector) and column with 30m 
× 0.53mm ID × 1.0μm film thickness (DB-Wax column, Agilent Technologies). The 
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injector employed a split ratio of 50:1 and the injection volume was 1 μL. The GC oven 
was programmed with an initial temperature of 50°C for 1 minute, temperature ramp of 
15°C/min and a final temperature of 220°C and final hold time of 40 min. The flow rate 
was constant at 2.0 mL/min of the carrier gas. Both catalyzed and non-catalyzed APLs 
were diluted with water at ratios of 1:18.7 and 1:45.6, respectively.  Also, samples were 
acidified to pH = 1 using a concentrated HCl solution. 
Analysis at Dynalene Laboratory Services was performed using a GC-MS system (Agilent 
7890) with HP 5MF column with helium as carrier gas. More details on the experiment 
protocols can be found on their website (“GC/MS – Gas chromatography / mass 
spectrometry”, n.d.). 
Analysis at the Iowa State University Bioeconomy Institute Laboratory (Aimes, IA) was 
performed for quantification of the compounds by gas chromatography flame ionization 
detection (GC-FID, Bruker Corporation, Bruker Daltonics, Inc., USA) as described by 
Rover et al., (2015). Quantification of organic compounds by GC-FID was conducted using 
standard curves for each analyte as described previously (Choi et al., 2014) and values were 
measured based on mass of the compound per mass of APL analyzed (% w/w, raw basis). 
2.3. Results and discussion 
 APL properties before aeration 
Catalysis during pyrolysis had a significant effect on COD reduction, reducing the COD 
concentration by at least 85% compared to non-catalyzed pyrolysis (Table 3). The effect 
of catalysis on NH3-N concentration varied; under some conditions it decreased, whereas, 
24 
 
 
under other conditions, NH3-N concentration during catalyzed pyrolysis was not 
significantly different for that of non-catalyzed pyrolysis.  
Table 3. Catalyzed and non-catalyzed APL COD and NH3-N concentrations and pH 
Sample COD (g/L) NH3-N (g/L) pH 
Non-catalyzed APL >200 63 ± 0.1 9.6 
Catalyzed APL 30 ± 1.2 >32 9.4 
 
Almost all the VFA concentrations measured by GC-FID at Marquette University Water 
Quality Center (WQC) lab were below detection after catalyzed pyrolysis was performed 
(Tables 4 and 5). Only iso-butyric acid was detected in the catalyzed APL; all other VFA 
concentrations were below detection. In contrast, non-catalyzed APL contained 
approximately 24 g/L of acetic acid, whereas no acetic acid was detected in catalyzed APL. 
The majority of the organic compounds identified by GC-MS at BP American 
Petrochemical Technology Laboratories were nitrogen-containing compounds in both non-
catalyzed and catalyzed APLs (Tables 4 and 5). Acetic acid exhibited the highest percent 
peak area in the non-catalyzed APL (Table 4), whereas in catalyzed APL, acetic acid 
content was only 5% of the total peak area detected (Table 5). However, identifiable 
compounds that were detected by GC-MS only contributed approximately 55% (non-
catalyzed APL) and 78% (catalyzed APL) of the total peak area percent values, whereas 
the remaining chemical peaks were not identified (Tables 4 and 5). 
Similar to the GC-MS results from BP American Petrochemical Technology Laboratories, 
GC-MS results from Dynalene Lab also indicated that the majority of the organic 
compounds in both non-catalyzed and catalyzed APLs were nitrogen-containing 
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compounds (Tables 4 and 5). Pyrrole was found to have the highest peak area percent in 
both non-catalyzed (22.8 %) and catalyzed APLs (20.7%) within Dynalene Lab results.  
All the compounds identified by GC-FID in both APLs were aromatic hydrocarbons 
(Tables 4 and 5). The sum of % w/w of total compounds identified in non-catalyzed APL 
shows that only 4.96% (by weight) of the total components that potentially exist in the non-
catalyzed APL were identified (Table 4). The compounds detected by GC-FID in non-
catalyzed APL included acetophenone, phenols, cresol, ethylbenzene, and xylene. Among 
these compounds, some are known to be toxic to anaerobic digestion. Phenol and 
alkylphenols (o-, m- and p-cresol, 2,5- and 3,5-dimethylphenol) contribute to a fraction of 
the detected substances (1.39 % peak area) and inhibit anaerobic processes at some 
concentrations (Fedorak & Hrudey, 1984). For example, the IC50 values for phenol, m-
cresol, p-cresol, and 2,4-dimethylphenol to methanogenic biomass are 2100, 890, 91, and 
71 mg/L, respectively (Blum & Speece, 1991). Ethylbenzene and m-xylene are not known 
to be degraded under strictly anaerobic conditions and, therefore, would not serve as a 
substrate for methane production (Edwards & Grbic-Galic 1994). 
Catalyzed APL contained fewer GC-FID-detected organic constituents compared to non-
catalyzed APL (Table 5). Only 4 organic compounds were detected by GC-FID in the 
catalyzed APL; 3,5-dimethoxy-4-hydroxybenzaldehyde, 2,5-dimethoxybenzyl alcohol, 
ethylbenzene, and styrene, whereas in the non-catalyzed APL, 23 compounds were 
identified.  
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Table 4. Non-catalyzed APL characteristics 
Non-catalyzed APL  
Compounds 
quantified by GC-
FID at Marquette 
University 
(WQC) 
Compounds 
quantified by 
GC-FID at 
Iowa State 
University1 
Compounds 
identified by 
GC-MS at BP 
Lab 
Compounds 
identified by 
GC-MS at 
Dynalene lab 
IC50 
value 
Compound 
Molecular 
weight 
(g/mol) 
(mg/L as acetic 
acid 
concentration) 
% w/w 
(raw basis) 
% of total 
organic 
compound 
peak area 
detected 
% of total 
organic 
compound 
peak area 
detected 
mg/L 
acetonitrile 41.053 - - 1.4 - 280002 
propane nitrile 55.08 - - 0.3 - - 
acetamide 59.068 - - - 14.1 - 
acetic acid 60.052 24224 ± 1453 - 15.4 - - 
pyrrole 67.091 - - - 22.8 - 
DMF 73.095 - - 0.9 - - 
propionic acid 74.079 1314 ± 54 - 1.8 - - 
1-butanol 74.123 - - - 6.1 110002 
pyridine 79.102 - - - 8.3 - 
2-pyrrolidinone 85.106 - - 3 - - 
N-ethyl-N-methyl 
formamide 
87.122 - - 1.1 - - 
iso-butyric acid 88.106 281 ± 7 - - - - 
butyric acid 88.106 313 ± 13 - - - - 
methyl pyridine 93.129 - - 0.4 - - 
phenol 94.113 - 0.22 ± 0.13 1.1 7.4 21002 
3-pyridinamine 94.117 - - 2.7 - - 
methyl pyrazine 94.117 - - - 12.9 - 
2[1H]-pyridinone 95.101 - - 2.3 - - 
methyl butanoic acid 102.133 - - 1.9 - - 
iso-valeric acid 102.133 677 ± 19 - - - - 
valeric acid 102.133 174 ± 4 - - - - 
styrene 104.152 - 0.06 ± 0.03 - - 1503 
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m-xylene 106.16 - 0.21 ± 0.12 - - 2502 
o-xylene 106.16 - 0.19 ± 0.11 - - - 
ethylbenzene 106.17 - 0.22 ± 0.12 - - 1602 
m,p-cresol 
108.14 - 0.44 ± 0.25 - - 
8902, 
912 
o-cresol 108.14 - 0.19 ± 0.11 - - - 
anisole 108.14 - 0.09 ± 0.05 - - 7202 
6-methyl-3-pyridinol 109.128 - - 1.7 - - 
3,5-dimethylphenol 122.167 - 0.32 ± 0.18 - - - 
2,5-dimethylphenol 122.167 - 0.22 ± 0.13 - - - 
2-methylanisole 122.167 - 0.16 ± 0.09 - - - 
3-methylanisole 122.167 - 0.13 ± 0.08 - - - 
5,5-dimethyl-2,4-
imidazolidinedione 
128.131 - - 9.7 - - 
3-methoxy-5-
methylphenol 
138.166 - 0.31 ± 0.18 - - - 
2-methoxy-4-
methylphenol 
138.166 - 0.27 ± 0.16 - - - 
acetamide + butenoic 
acid 
145.158 - - 10.8 - - 
4-ethoxystyrene 148.205 - 0.11 ± 0.06 - - - 
4-ethyl-2-
methoxyphenol 
152.193 - 0.12 ± 0.07 - - - 
3,4-dimethoxytoluene 152.193 - 0.12 ± 0.07 - - - 
4'-hydroxy-3'-
methoxyacetophenone 
166.176 - 0.33 ± 0.19 - - - 
2-methoxy-4-
propylphenol 
166.22 - 0.11 ± 0.06 - - - 
1,2,3-
trimethoxybenzene 
168.192 - 0.15 ± 0.09 - - - 
2',4'-
dimethoxyacetophenone 
180.203 - 0.02 ± 0.01 - - - 
3,5-dimethoxy-4-
hydroxybenzaldehyde 
182.17 - 0.43 ± 0.25 - - - 
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3',5'-dimethoxy-4'-
hydroxyacetophenone 
196.202 - 0.54 ± 0.31 - - - 
Total of known 
compounds  
- 26983 4.96 55.3 71.6 - 
Total of unknown 
compounds  
- - - 44.7 28.4 - 
1Liu et al., 2017; 2Blum, and Speece, 1991; 3Araya et al., 2000 
 
Table 5. Catalyzed APL characteristics 
Catalyzed APL  
Compounds 
quantified by GC-
FID at Marquette 
university (WQC) 
Compounds 
quantified by 
GC-FID at 
Iowa state 
university1 
Compounds 
identified by 
GC-MS at BP 
Lab 
Compounds 
identified by 
GC-MS at 
Dynalene lab 
IC50 
value 
Compound 
Molecular 
weight 
(g/mol) 
(mg/L as acetic 
acid 
concentration) 
% w/w 
(raw basis) 
% of total 
organic 
compound 
peak area 
detected 
% of total 
organic 
compound 
peak area 
detected 
mg/L 
acetonitrile 41.053 - - 11.6 - 280002 
propanenitrile 55.08 - - 2.2 - - 
acetamide 59.068 - - 5.6 - - 
acetic acid 60.052 BD* - 5 - - 
pyrrole 67.091 - - - 20.7 - 
1H pyrrole 67.091 - - 3.9 - - 
propionic acid 74.09 BD - - - - 
pyridine 79.102 - - 8.9 15.1 - 
2 methyl pyrrole 81.118 - - - 2 - 
iso-butyric acid 88.106 57 ± 6 - - - - 
butyric acid 88.106 BD - - - - 
methyl pyridine 93.129 - - 2.7 6.4 - 
phenol 94.113 - - 5.8 13.1 21002 
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pyridineamine 94.117 - - 12.4 - - 
methyl pyrazine 94.117 - - 3.5 5.6 - 
iso-valeric acid 102.133 BD - - - - 
valeric acid 102.133 BD - - - - 
benzonitrile 103.124 - - - 3.8 11002 
styrene 104.152 - 0.05 ± 0.03 - - 1503 
ethylbenzene 106.17 - 0.2 ± 0.12 - - 1602 
p-cresol 108.14 - - - 6 912 
indole 117.151 - - - 5.1 - 
5,5-dimethyl-2,4-
imidazolidinedione 
128.131 - - 13.4 - - 
naphthalene 128.174 - - - 5.2 - 
quinoline 129.162 - - - 2.2 - 
2,5-
dimethoxybenzylalcohol 
168.192 - 0.22 ± 0.13 - - - 
3,5-dimethoxy-4-
hydroxybenzaldehyde 
182.17 - 0.27 ± 0.15 - - - 
Total of known 
compounds  
- 57 0.74 77.8 85.2 - 
Total of unknown 
compounds  
- - - 22.2 14.8 - 
1Liu et al., 2017; 2Blum, and Speece, 1991; 3Araya et al., 2000 
*BD: Below detection 
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 APL properties after aeration 
Both catalyzed and non-catalyzed APLs contained high concentrations of NH3-N that could 
have been inhibitory to anaerobic digestion. Aeration decreased NH3-N concentration by 
approximately 80% in both non-catalyzed and catalyzed APL (Tables 6 and 7). Aeration 
did not significantly change the COD concentration in non-catalyzed APL; however, 
aeration reduced the catalyzed APL COD by 30%; therefore, some organic constituents 
were ostensibly air-stripped along with the NH3-N from the catalyzed APL, indicating 
catalyzed APL contained more volatile organic carbon than non-catalyzed APL. The pH in 
both catalyzed and non-catalyzed APL significantly decreased after aeration (Tables 6 and 
7). 
Table 6. COD and NH3-N concentrations and pH in non-catalyzed APL with and without 
aeration 
Non-catalyzed APL 
Sample COD (g/L) NH3-N (g/L) pH 
With no aeration >200 63 ± 0.1 9.6 
After aeration 198 ± 7.8 13 ± 0.6 8.2 
 
Table 7. COD and NH3-N concentrations and pH in Catalyzed APL with and without 
aeration 
Catalyzed APL 
Sample COD (g/L) NH3-N (g/L) pH 
With no aeration 32 ± 1.2 32 ± 0.2 9.6 
After aeration 23 ± 0.8 5.3 ± 0.5 8.4 
 
Further GC-FID analysis of catalyzed and non-catalyzed APLs after aeration were 
conducted (Table 8 and 9). Before and after aeration, essentially the same compounds were 
present in the non-catalyzed APL. In catalyzed APL after aeration, only 2 compounds were 
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detected; 3,5-dimethoxy-4-hydroxybenzaldehyde and 2,5-dimethoxybenzylalcohol (Table 
9). Therefore, aeration of catalyzed APL removed ethylbenzene and styrene. The IC50 
values of ethylbenzene and styrene to unacclimated methanogenic biomass are 
approximately 160 mg/L (Blum & Speece, 1991) and 150 mg/L (Araya et al., 2000), 
respectively. Removing these potentially inhibitory chemicals from APL by aeration may 
result in reduced inhibition when anaerobically digesting the APL. 
Table 8. Aerated non-catalyzed APL compounds quantified by GC-FID 
Non-catalyzed APL   
Compounds 
quantified by GC-
FID at Iowa State 
University 
IC50 value 
Compound 
Molecular 
weight (g/mol) 
% w/w (raw basis) mg/L 
4-vinylphenol 120.151 0.75 ± 0.43 - 
3',5'-dimethoxy-4'-
hydroxyacetophenone 
196.202 0.47 ± 0.27 - 
m,p-cresol 108.14 0.43 ± 0.25 8901, 911 
3,5-dimethylphenol 122.167 0.3 ± 0.17 - 
3-methoxy-5-methylphenol 138.166 0.29 ± 0.17 - 
2-methoxy-4-methylphenol 138.166 0.26 ± 0.15 - 
3,5-dimethoxy-4-
hydroxybenzaldehyde 
182.17 
0.25 ± 0.15 
- 
4'-hydroxy-3'-methoxyacetophenone 166.176 0.23 ± 0.13 - 
phenol 94.113 0.21 ± 0.12 21001 
4-ethyl-2-methoxyphenol 152.193 0.21 ± 0.12 - 
2,5-dimethylphenol 122.167 0.21 ± 0.12 - 
m-xylene 106.16 0.2 ± 0.12 - 
3-ethylphenol 122.167 0.19 ± 0.11 - 
o-xylene 106.16 0.18 ± 0.1 - 
1,2,3-trimethoxybenzene 168.192 0.16 ± 0.1 - 
3,4-dimethylphenol 122.167 0.15 ± 0.08 - 
2-methoxy-4-propylphenol 166.22 0.11 ± 0.07 - 
2-methylanisole 122.167 0.11 ± 0.06 - 
3,4-dimethoxytoluene 152.193 0.11 ± 0.06 - 
3-methylanisole 122.167 0.11 ± 0.06 - 
4-ethoxystyrene 148.205 0.1 ± 0.06 - 
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anisole 108.14 0.08 ± 0.05 - 
1Blum, and Speece, 1991 
 
 
Table 9. Aerated catalyzed APL compounds quantified by GC-FID 
Catalyzed APL  
Compounds 
quantified by GC-
FID at Iowa State 
University 
IC50 
value 
Compound 
Molecular weight 
(g/mol) 
% w/w (raw basis) mg/L 
2,5-dimethoxybenzylalcohol 168.192 0.22 ± 0.13 - 
3,5-dimethoxy-4-
hydroxybenzaldehyde 
182.17 0.27 ± 0.16 - 
 
 ATA results on catalyzed and non-catalyzed APLs before NH3-N stripping 
Cumulative methane production graphs were plotted for non-catalyzed APL (Figure 3).  
Non-catalyzed APL resulted in significant inhibition based on low initial methane 
production rates at high concentrations of 4 and 2.3 gCOD/L. However, at lower 
concentrations of 0.3 and 0.06 gCOD/L, no considerable inhibition was observed, and the 
initial methane production rates were almost identical to the control system that received 
no APL dose. Overall, there was an inverse relationship between initial methane production 
rate and APL COD concentration. The methane production inhibition can be attributed to 
the presence of compounds such as phenols that have been known to inhibit methane 
production at high concentrations. This is also consistent with previous studies that 
summarized that the major cause of the inhibition in methane production can be due to 
inhibition from the APL constituents which are common inhibitors of fermentation (Torri 
and Fabrri, 2014).  
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Figure 3. ATA results: cumulative methane production of non-catalyzed APL at 
different concentrations 
Comparison between the theoretical maximum methane production (maximum amount of 
methane produced from acetate and APL) and the actual methane produced from each set 
of bottles is presented in Figure 4. At 0.3 gCOD/L APL, the average actual methane 
production was about 3% higher than the theoretical, which was not significantly different 
from the theoretical value (Figure 4). 
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Figure 4. Comparison of theoretical and actual methane production on day 60 in 
non-catalyzed APL 
For catalyzed APL, high concentrations of 4 and 2.3 gCOD/L, caused total cessation of 
methane production (Figure 5). It was originally assumed that the catalyzed APL would be 
less toxic than non-catalyzed APL since it contained fewer organic compounds; however, 
the opposite was observed. The bottles with 2.3 and 4 gCOD/L were significantly inhibited 
compared to the control and the methane production completely stopped. The methane 
production rate for 0.6 and 0.3 gCOD/L APL doses were also inhibited. The lowest COD 
loading (0.06 gCOD/L) did not show any inhibition in methane production rate. 
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Figure 5. ATA results: cumulative methane production of catalyzed APL at 
different concentrations 
Comparison between the theoretical maximum methane production (maximum amount of 
methane produced from acetate and APL) and the actual methane produced from each set 
of bottles is shown in Figure 6. 
Figure 6. Comparison of theoretical and actual methane production in catalyzed 
APL on day 102 in catalyzed APL 
4 g/L and 2.3 
g/L overlap 
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 Dose response curves based on COD concentrations for non-catalyzed and 
catalyzed APLs with no aeration 
Methane production data were analyzed to determine the concentration of APL that 
inhibited methane production rate by 50% (i.e., the IC50 value). Apparent COD IC50 values 
were determined and showed that the catalyzed APL was more inhibitory to anaerobic 
digestion than the non-catalyzed APL (Figure 7). The highest COD loading that 
demonstrated very little inhibition (i.e., < 10% inhibition) of methane production rate was 
approximately 0.5 g COD/L for non-catalyzed APL and approximately 0.10 g COD/L for 
catalyzed APL. The 0.5 gCOD/L concentration was used in the second phase of this study 
during which continuous co-digestion of APL and synthetic primary sludge was conducted. 
This concentration was selected because: 
1. It was assumed that 0.5 gCOD/L would not be 100% toxic for catalyzed APL. 
2. Also, this was the lowest loading rate that a difference in methane production was 
observable (1 mL extra methane/day from APL COD) 
3. It was known from ATA results that for non-catalyzed APL, 0.5 gCOD/L would 
not be toxic at all. 
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Figure 7. ATA Dose-response curves based on COD for catalyzed and non-
catalyzed APLs 
 
 NH3-N ATA on seed biomass 
In order to determine the toxic NH3-N concentration to the seed biomass, ATA analysis 
was performed, and cumulative methane production was graphed for NH3-N ATA (Figure 
8). High NH3-N concentrations of 6 and 9 g/L NH3-N resulted in high inhibition, while at 
lower concentration of 3 g/L NH3-N, inhibition was lower, but still observed. Apparent 
NH3-N IC50 value was determined at 2 g/L NH3-N to the seed biomass. (Figure 9). 
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Figure 8. NH3-N ATA results: cumulative methane production 
 
Figure 9. ATA Dose response curve for NH3-N ATA 
 ATA results on catalyzed APL after NH3-N stripping 
ATA testing was performed on catalyzed APL after NH3-N was removed by air stripping.  
Published values show that NH3-N does not inhibit methane production at concentrations 
less than approximately 3 to 5 g/L (Speece, 1996), also based on NH3-N ATA results on 
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the seed biomass used in this experiment, IC50 value was determined to be 2 g/L NH3-N. 
After NH3-N was stripped, the NH3-N concentration was significantly less than 2 mg/L 
and should not have been inhibitory.  Therefore, if there was any inhibition of methane 
production rate, then it was a result of constituents other than NH3-N present in the APL.  
ATA results on catalyzed APL after aeration show that inhibition was still observed at 
some concentrations (Figure 10), whereas aeration did reduce toxicity in some systems (0.6 
gCOD/L). However, even after NH3-N was stripped, methane production totally ceased at 
2.3 and 4 gCOD/L APL doses. NH3-N concentration in these two systems were 
approximately 0.5 and 0.9 g/L, respectively, which were significantly lower than IC50 value 
of 2 g/L and published toxic concentrations of 3 to 5 g/L NH3-N at neutral pH and 35°C 
(Speece, 1996). Therefore, NH3-N toxicity was not the main reason for inhibition and other 
APL constituents inhibited methane production.  
 
 
Figure 10. ATA results: cumulative methane production of catalyzed APL with 
aeration at different concentrations 
4 g/L and 2.3 
g/L overlap 
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 Dose response curves based on COD and NH3-N concentrations for catalyzed 
APLs with and without aeration 
Dose response curve for methane production rate versus COD concentrations was plotted 
and IC50 values were calculated (Figure 11). After aeration, microbes showed higher 
tolerance to the APL and the IC50 value increased by approximately 300%. 
 
 
Figure 11. ATA Dose-response curves based on COD for catalyzed APL with 
and without aeration  
Dose response curves for methane production rate versus NH3-N concentration was plotted 
and IC50 values were calculated (Figure 12). Under both aerated and unaerated conditions, 
the apparent NH3-N IC50 values were significantly less than 2 g/L NH3-N (IC50 value of the 
seed biomass), whereas inhibition of methane production was still observed. Therefore, 
NH3-N was not the main or only inhibitory constituent. Inhibitory organic constituents in 
the APL must have exerted significant toxicity.  
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Figure 12. ATA Dose-response curves based on NH3-N for catalyzed APL with 
and without aeration 
2.4. Conclusion 
Organic constituents in catalyzed and non-catalyzed APL were identified. Non-catalyzed 
APL contained both high COD concentrations of more than 200 g/L and high NH3-N 
concentration of approximately 63 g/L. Catalysis significantly reduced the organic content 
of the APL such that COD concentration in catalyzed APL decreased to about 30 g/L; NH3-
N concentration also decreased to more than 32 g/L. Further analysis of components in 
APL revealed that majority of the compounds detected by GC-MS and GC-FID analyses 
in both catalyzed and non-catalyzed APLs were nitrogen-containing compounds and 
phenols and their derivatives that are known to inhibit methanogenesis. 
Anaerobic toxicity assays were conducted on catalyzed and non-catalyzed APLs to 
determine the concentration that resulted in inhibition of methane production rate. The 
highest COD loading that demonstrated very little (i.e., <10%) inhibition of methane 
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production rate was approximately 0.5 g COD/L for non-catalyzed APL and 0.10 g COD/L 
for catalyzed APL. 
Apparent IC50 value for NH3-N was determined 2 g/L NH3-N to the seed biomass. The 
catalyzed APL contained high concentrations of NH3-N; therefore, NH3-N stripping was 
utilized to reduce NH3-N concentration and decrease the potential toxicity exerted from 
NH3-N. A considerable decrease in NH3-N concentration (>80%) was achieved. However, 
methane production rate was still inhibited even after NH3-N was air stripped. In 
conclusion, NH3-N was not the main reason for inhibition and other constituents in APL 
cause significant inhibition of methane production rate. 
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3. Continuous co-digestion of APL and synthetic primary sludge 
A revised version of this chapter will be submitted to the journal Water Research as: 
 
Seyedi, S., Venkiteshwaran, K., and Zitomer, D. Anaerobic Co-Digestion of Aqueous 
Pyrolysis Liquid (APL) from Biosolids Pyrolysis and Microbial Community Analysis, 
Water Research. 
 
3.1. Introduction 
Anaerobic digestion (AD) involves degradation of organic matter in the absence of oxygen, 
and as a result, biogas containing methane and carbon dioxide is produced (Chen et al., 
2008). Anaerobic co-digestion is a modification to the anaerobic digestion process that is 
used to digest a combination of two or more wastes in order to increase methane production 
(Zitomer et al., 2008). 
AD is a sequential process carried out by different microorganisms that decompose organic 
matter in four major steps including hydrolysis, acidogenesis, acetogenesis, and 
methanogenesis. 
During the hydrolysis process, non-soluble biopolymers such as carbohydrates, lipids and 
proteins are fermented to produce soluble organic compounds like amino acids, sugars, and 
fatty acids (de Mes et al., 2003; Parkin & Owen, 1986). Hydrolysis is carried out by 
hydrolytic Bacteria with most of the known species being members of Bacteroidetes and 
Firmicutes. Hydrolytic Bacteria grow rapidly and are less sensitive than methanogens to 
variations in environmental parameters such as temperature and pH (Venkiteshwaran et al., 
2016). 
Acidogenesis, which is performed by acidogenic Bacteria, is the conversion of hydrolysis 
products to soluble organics such as VFAs and alcohols (de Mes et al., 2003). Typical 
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phyla containing acidogenic Bacteria include Bacteroidetes, Chloroflexi, Firmicutes and 
Proteobacteria (Venkiteshwaran et al., 2016). Since acidogenesis is a rapid process, VFAs 
can accumulate in the system and lead to pH reduction which can inhibit microbial 
processes. Consequently, a drop in pH can inhibit or entirely stop methanogenic activity.  
Acetogenesis is the third step in anaerobic digestion.  During acetogenesis, VFAs and 
alcohols are further biodegraded to be available for conversion to methane by methanogens 
(de Mes et al., 2003; Appels et al, 2008). Acetogenic bacteria produce acetic acid or 
hydrogen and carbon dioxide in a process called syntrophic acetogenesis (de Mes et al., 
2003; Appels et al, 2008). Syntrophic acetogens play a significant role in the AD process 
to maintain rapid performance since accumulation of some of the VFAs such as propionate 
or butyrate can inhibit methanogenic activity (Pullammanappallil et al. 1998). Members of 
the genera Pelotomaculum, Smithllela and Syntrophobacter are acetogens associated with 
propionate degradation in anaerobic digesters; two other acetogens from the genera 
Syntrophus and Syntrophomonas oxidize butyrate and other fatty acids (Venkiteshwaran et 
al., 2016). 
In the last step, biological methane production (i.e, methanogenesis) is performed by 
methanogens that belong to domain Archaea (Venkiteshwaran et al., 2016). Methanogens 
are diverse; however, they can only use a limited number of substrates. Generally, 
methanogens are classified into three types: acetoclastic, hydrogenotrophic and 
methylotrophic. Acetoclastic methanogens take acetate and produce methane and carbon 
dioxide, hydrogenotrophic methanogens convert hydrogen gas or formate to reduce carbon 
dioxide to methane, and methylotrophic methanogens convert methyl compounds such as 
methanol and methylamines to methane (Liu & Whitman, 2008). Approximately 70% of 
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the total methane produced in a typical municipal anaerobic digester is from acetate, and 
the remaining is from hydrogen gas and carbon dioxide. The methane generated by 
methylotrophic methanogenesis does not contribute to a substantial portion of methane in 
typical municipal anaerobic digesters (Conklin et al., 2006; Venkiteshwaran et al., 2016).  
Known methanogens that transform acetate to methane belong to two genera; 
Methanosaeta and Methanosarcina. It has been found that Methanosaeta have slow growth 
rates and will dominate at low acetate concentrations and at long solids retention times 
(Conklin et al., 2006; Liu & Whitman 2008). On the other hand, Methanosarcina have a 
higher growth rate and have been shown to have more rapid maximum specific methane 
production rates at short SRT values and high acetate concentrations (Conklin et al., 2006). 
Hydrogenotrophic methanogens are very important in anaerobic digesters since the partial 
pressure of H2 in digesters significantly affects the efficiency of the reactors.  High levels 
of H2 results in accumulation of some VFAs, while low H2 partial pressure indicates that 
hydrogenotrophic methanogenesis is efficient (Liu & Whitman 2008). The 
hydrogenotrophic methanogens that are usually detected in anaerobic digesters are 
Methanobacterium, Methanobrevibacter, Methanospirillum, Methanothermobacter, and 
Methanoculleus (Venkiteshwaran et al., 2016). 
Liquids from pyrolysis are potential substrates for anaerobic digestion and biomethane 
production. Pyrolysis is one thermochemical technology that has been used to convert 
wastewater biosolids to biochar, py-gas, and bio-oil in the absence of oxygen using high 
temperatures of approximately 400 – 1000 °C (McNamara et al., 2016; Tsai et al., 2009). 
A forth byproduct, named aqueous pyrolysis liquid (APL) is also produced that has light 
brown color and a distinct, tar-like odor. It is either generated from initial moisture in the 
46 
 
 
feedstock or produced during pyrolysis reactions (Mohan et al., 2006). APL is comprised 
of up to 400 complex organic compounds and is characterized by low heating values and 
high water content (Li et al., 2009; Torri & Fabbri, 2014; Hübner and Mumme, 2015). 
There has been no apparent use found for APL. By discharging APL without treatment, it 
can reduce the amount of bio-energy produced per mass of biosolids processed. It may also 
enter the environment as a high strength organic pollutant which results in oxygen 
depletion in receiving water bodies and consequently decreases the water quality (Khazaei 
et al., 2017b). Therefore, there is a need to establish suitable ways to utilize APL and 
recover its potential energy. 
In this study, continuous co-digestion of synthetic primary sludge and APL was conducted 
to determine if APL can be converted to biomethane in anaerobic digesters. Methanogenic 
microbial communities may be able to acclimate to APL in anaerobic digesters fed 
synthetic primary wastewater sludge along with APL as a co-digestate. Five sets of 
anaerobic digesters were run for 45 days to attain quasi steady state operation and digestate 
samples were collected regularly to monitor changes in digester function. Shifts in 
microbial community composition was also observed using high throughput Illumina 
sequencing. 
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3.2. Methodology 
3.2.1. Continuous co-digestion of synthetic wastewater and APL 
 Anaerobic Digesters 
Anaerobic digesters were inoculated with anaerobic biomass obtained from municipal 
digesters at the Fox River Water Pollution Control Center (Brookfield, WI) having 25 g/L 
COD, 26 g/L TS and 16 g/L VS. The digesters were 160 mL serum bottles with a 50 mL 
working volume and were capped with butyl stoppers. Five sets of triplicate digesters were 
operated at a 10-day SRT; each of them was fed daily with synthetic primary sludge at an 
organic loading rate (OLR) of 1.3 gVS/Lr-day (corresponding to 2 gCOD/Lr-day).  
One digester set only received synthetic sludge and was not fed any APL to act as the 
control. Along with synthetic primary sludge, some digester sets were also fed a co-
digestate of either catalyzed unaerated APL, catalyzed aerated APL, non-catalyzed 
unaerated APL or non-catalyzed aerated APL at an OLR of 0.05 gCOD/Lr-day. Therefore, 
the digester feed contained 0.5 g COD/L of APL. Digesters were incubated at 35 °C and 
mixed on a shaker table at 100 rpm.  
 Synthetic primary sludge  
Synthetic primary sludge was a mix of ground, dry dog food (Nutro- Natural Choice, 
Franklin, TN, USA) and basal nutrient media with the following characteristics, 1.2 g/L 
COD, 0.94 g/L TS, 0.78 g/L TS. Basal nutrient media was a modified version of the media 
described by Speece (2008). Since APL has high concentration of NH3-N, the nutrient 
NH4Cl was omitted from the basal nutrient media to avoid NH3-N toxicity. Therefore, the 
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nutrient media contained the following [mg/L]: MgSO4.7H2O [400]; KCl [400]; 
CaCl2.2H2O [50]; (NH4)2.HPO4 [80]; FeCl2.4H2O [10]; CoCl2.6H2O [1]; KI [10]; 
(NaPO3)6 [10]; Na2S.9H2O [300]; the salts MnCl2.4H2O, NH4VO3, CuCl2.2H2O, ZnCl2, 
AlCl3.6H2O, Na2MoO4.2H2O, H3BO3, NiCl2.6H2O, NaWO4.2H2O, and Na2SeO3 [each at 
0.5]; yeast extract [10]; and Cysteine [10]; NaHCO3 [6000]. 
 Analytical methods 
Biogas production was measured daily using a 150 mL wetted-barrel glass syringe. 
Methane concentration in biogas was measured by gas chromatography (GC System 
7890A, Agilent Technologies, Irving, TX, USA) using a thermal conductivity detector. 
Volatile fatty acids (VFA) concentrations were also measured by gas chromatography (GC 
System 7890A, Agilent Technologies, Irving, TX, USA) using a flame ionization detector. 
The pH was measured using a pH probe and meter (Orion 4 Star, Thermo, Waltham, MA, 
USA). Soluble COD (SCOD) was measured by filtering the sample through a 0.45 μm pore 
size membrane syringe filter and determining the filtrate COD by standard methods 
(APHA et al., 1998). Total COD was measured according to standard methods (APHA et 
al., 1998). The TS, VS, TSS and VSS analyses were performed by standard methods 
(APHA et al., 1998). Statistical analyses including average, standard deviation, normality 
test, and two-sample student’s t-test calculations were performed using Microsoft Excel 
2015 and Minitab 18.1.0.  
 DNA extraction and microbial community analysis 
Approximately 1.8 mL of biomass from each digester (including all replicates, n=15) was 
taken on day 15 (before quasi steady-state) as well as on days 30 and 45 after quasi steady-
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state was achieved to determine microbial community composition. DNA was extracted 
using a commercial kit (DNeasy PowerLyzer PowerSoil Kit, Qiagen, USA) according to 
the manufacturer instructions. Sequencing was performed by a commercial company 
(Molecular Research, LP, Shallowater, TX, USA) using the Illumina MiSeq sequencing 
platform (Illumina, San Diego, CA, USA). Universal primers, 515F and 806R were used 
for PCR amplification to target the V4 variable region of the 16S rRNA gene as described 
elsewhere (Carey et al., 2016). Based on the results, only the samples taken from three sets 
of digesters; control, catalyzed unaerated, and non-catalyzed unaerated were selected for 
microbial analysis. A total of 27 samples were analyzed for microbial community structure 
using Illumina sequencing.  
Dual hierarchical clustering (using R command hclust and heatmap) and nonmetric 
multidimensional scaling (nMDS) using VEGAN package were performed on Illuminia 
data using custom R scripts (Venkiteshwaran et al., 2016; Carey et al. 2016; McNamara & 
Krzmarzick 2013). OTUs were identified among all the digester samples analyzed based 
on 97% similarity. Shannon diversity index values (H) and Evenness index (E) were 
determined based on Illumina sequence results as described by Falk et al. (2009) using the 
formulas H = ∑ − (  ∗  ln ) 

 (Pi= relative abundance of species i) and E = 

 ()
  (richness is defined as total number of OTUs at genus level in each digester).       
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3.3. Results and discussion 
3.3.1. Digester function 
 Methane production  
All five digester sets were operated for 30 days to acclimate and reach quasi-steady state; 
operation then continued for 15 more days. The digesters fed non-catalyzed aerated and 
unaerated APL produced approximately the same amount of methane as the control 
digester set (Figure 13). On average, the control digesters produced 38.8 ± 1.8 mL methane 
per day and digesters fed non-catalyzed APL with and without aeration produced 40.4 ± 2 
and 38 ± 2.7 mL methane per day, respectively, during steady state operation (the last 15 
days of operation).  
The average methane production from digesters fed non-catalyzed unaerated APL was not 
statistically different from that of the control digesters (p=0.38, n=45), but average methane 
production from digesters fed non-catalyzed aerated APL was statistically greater than that 
of the control digesters (p=0.02, n=45).  Theoretically, 1mL/day of methane (35°C, 1 atm 
pressure) was expected to be produced from APL, and approximately 1.5 ± 1.7 mL/day 
(n=45) extra methane was produced. The additional methane production observed when 
non-catalyzed aerated APL was co-digested may have resulted for the APL COD.  
 Methane production was significantly lower in digesters that received catalyzed APL with 
and without aeration compared to that of control digesters (p<0.05, n=45). The average, 
steady-state, daily methane production rates from digesters fed catalyzed APL with and 
without aeration were 28 ± 5.9 and 28 ± 4 mL methane per day, respectively 
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Digestate pH ranged from 7.2 to 7.5 during the steady state period in all digesters. The 
optimum pH range for rapid methane production in anaerobic digesters is approximately 
6.4 - 8.2 (Speece, 2008). Therefore, pH was not inhibitory in these digesters and it was not 
the reason for lower methane production in digesters fed catalyzed APL. 
Figure 13. Quasi steady state results: methane production 
 Effluent total and soluble COD 
In addition to comparing methane production, the total and soluble digestate COD 
concentrations were compared to help compare degradability of the APL. The average 
COD in feed to all digesters receiving both synthetic primary sludge and APL was 20.5 
g/L, whereas the COD fed to control digesters was 20 g/L since controls did not receive 
any APL.  
The control digesters and digesters fed aerated and unaerated non-catalyzed APL exhibited 
similar COD reduction (Figure 14). For control digesters, the digestate total COD after 45 
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days was 4.1 ± 0.52 g/L (average ± standard deviation) (n=3), and for digesters fed non-
catalyzed APL with and without aeration, the digestate total COD after 45 days was 4.7 ± 
0.57 g/Lr, and 4.5 ± 0.16 g/L, respectively. There was no significant difference between 
digestate COD concentration in control digesters and digesters fed aerated and unaerated 
non-catalyzed APL. Approximately 80% digestate COD reduction was observed in control 
and aerated and unaerated non-catalyzed APL digesters. Also, there was no significant 
difference in COD reduction for digesters fed aerated or unaerated non-catalyzed APL (p= 
0.67, n=3). 
 However, the digestate COD concentrations after 45 days from digesters receiving 
catalyzed aerated and unaerated APL were 9.6 ± 0.4 and 7.1 ± 2.5 g/Lr, respectively, 
resulting in only approximately 60% average COD reduction. The higher digestate COD 
for digesters fed catalyzed APLs compared to control digesters may be attributed to the 
toxicity of catalyzed APL that resulted in slower COD conversion to methane. 
The same pattern was observed in the effluent SCOD (Figure 15) in which control digesters 
and digesters fed non-catalyzed APL with and without aeration demonstrated relatively 
high SCOD reduction. In comparison, digesters fed catalyzed APL with and without 
aeration exhibited increased digestate SCOD of 5.8 ± 0.65 and 5.2 ± 1.1 (n=3) g/L, 
respectively. Also, comparing digestate COD and SCOD in catalyzed aerated and 
unaerated APL digesters showed that there was no significant difference between aerated 
and unaerated systems (p= 0.23, n= 3). 
It is apparent from COD and SCOD results that catalyzed APL exerted higher toxicity 
comparing to non-catalyzed APL. Furthermore, there were no significant differences 
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between digestate COD from digesters fed either aerated or unaerated APL. Therefore, 
aeration did not reduce APL toxicity. 
 
Figure 14. Digestate total COD concentration 
 
Figure 15. Digestate soluble COD concentration 
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 Effluent VFAs concentrations 
Digesters that received aerated and unaerated catalyzed APL exhibited digestate VFA 
concentrations that increased after 30 days of operation; however, VFA concentrations in 
digestate from digesters fed no APL (control), or aerated and unaerated non-catalyzed APL 
all decreased (Figures 16 through 21).  
At quasi steady state, the average, total VFA concentrations in digestate from sets of 
control digesters and digesters fed aerated and unaerated non-catalyzed APL demonstrated 
no VFA accumulation. In contrast, digestate from digesters fed catalyzed APL with and 
without aeration contains about 2 g/L of total VFA as acetic acid (Table 10). The majority 
of the VFAs produced in the catalyzed APL digesters was in form of acetic acid. This 
indicates that the methanogens that use acetic acid were inhibited. This finding is consistent 
with the results from microbial community analysis described below.   
Table 10. Volatile fatty acids concentrations in the effluent at quasi steady state 
Digesters/Feed 
Total VFA concentration as 
acetic acid at quasi steady 
state (mg/L) 
Acetic acid concentration 
at quasi steady state 
(mg/L) 
Control 6 ± 0.5 0 ± 1.4 
Catalyzed unaerated 2010 ± 42.8  1500 ± 164.4 
Catalyzed aerated 2070 ± 33.9 1530 ± 153.3 
Non-catalyzed unaerated 50 ± 16 1 ± 4.8 
Non-catalyzed aerated 4 ± 0.2 0 ± 1.2 
 
  
55 
 
 
 
Figure 16. Digestate acetic acid concentration 
 
Figure 17. Digestate propionic acid concentration 
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Figure 18. Digestate iso-butyric acid concentration 
 
Figure 19. Digestate butyric acid concentration 
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Figure 20. Digestate iso-valeric acid concentration 
 
Figure 21. Digestate valeric acid concentration 
 Effluent solids concentrations 
TS and VS concentrations were measured in the first 35 days of operation, whereas TSS 
and VSS were measured for the last 8 days of operation. 
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The control digesters and digesters fed aerated and unaerated non-catalyzed APL exhibited 
similar TS and VS reduction (TSR and VSR) (Figure 22 and 23). Influent TS was 
approximately 31 ± 0.4 g/L (average ± standard deviation) in all the digesters throughout 
the quasi steady state period (Figure 22). Influent VS concentration was 22 ± 0.2 g/L in all 
digesters. For control digesters and digesters fed non-catalyzed aerated and unaerated APL, 
digestate VS concentrations were 4.1 ± 0.1 g/L (80 % VSR) and VS concentrations in 
digestate from digesters fed catalyzed aerated and unaerated APL was 6.5 ± 0.6 g/L (67% 
VSR). Therefore, the average VSR value in digesters fed catalyzed APL was lower 
compared to that in control digesters and digesters fed non-catalyzed APL. There were no 
significant differences among digesters that were fed aerated versus unaerated non-
catalyzed APL (p= 0.14, n= 3) and aerated and unaerated catalyzed APL (p= 0.09, n= 3) 
(Table 11). 
Table 11. Comparison between aerated and unaerated systems; average and 
standard deviation of digestate VS concentration in catalyzed and non-
catalyzed APLs 
Digesters 
Average digestate VS 
concentration during 
quasi steady state (g/L) 
Standard 
deviation 
Non-catalyzed APL 
aerated & unaerated 
4.1 0.1 
Catalyzed APL aerated & 
unaerated 
6.5 0.6 
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Figure 22. Digestate total solids concentration 
 
Figure 23. Digestate volatile solids concentration 
Influent TSS and VSS concentrations were respectively 23 ± 0.3 g/L and 21 ± 0.1 g/L 
(average ± standard deviation) for all the digesters from day 38 to 46 (Figure 24 and 25). 
Digestate TSS concentrations from control digesters and digesters fed non-catalyzed 
aerated and unaerated APL were approximately 4.5 ± 0.2 g/L (80% TSS reduction) after 
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46 days. There was not a significance difference in digestate TSS and VSS concentrations 
among aerated versus unaerated non-catalyzed APL digesters (p= 0.58, n= 3). For digesters 
fed aerated and unaerated catalyzed APL, effluent TSS concentration was approximately 
3.6 ± 0.5 g/L (84% TSS reduction). Similarly, no significance difference in TSS and VSS 
concentrations between digesters fed aerated versus unaerated catalyzed APL was 
observed (p= 0.46, n= 3).  
 The effluent VSS concentration in control digesters and digesters fed non-catalyzed APL 
with and without aeration was approximately 3.3 ± 0.1 g/L (84% TSS reduction) (Figure 
25). In digesters fed catalyzed APL with and without aeration, the digestate VSS was 
approximately 2.7 ± 0.5 g/L (87% TSS reduction). Likewise, there was no significant 
difference observed between non-catalyzed aerated versus unaerated APLs (p= 0.17, n= 
3), and catalyzed aerated versus unaerated APLs (p= 0.57, n= 3). 
 
Figure 24. Digestate total suspended solids concentration 
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Figure 25. Digestate volatile suspended solids concentration 
Overall, the results from solids tests indicated that control and non-catalyzed APL digesters 
exhibited similar VSR values, whereas digesters that received catalyzed APLs exhibit 
lower VSR values. The difference in digestate TS, VS concentrations among comparable 
aerated and unaerated APL digesters were not significant. 
 Microbial community analysis 
Initial Illumina sequencing data generated an average of 1,963 ± 1,142 (average ± standard 
deviation) sequence reads for Archaea and 57,908 ± 8,391 (average ± standard deviation) 
sequence reads for Bacteria from each digester. After data were rarified based on the lowest 
sequence read per sample, an average of 350 ± 2 reads for Archaea and 41,378 ± 38 reads 
(average ± standard deviation) for Bacteria were obtained per digester. Subsequent 
microbial community analyses were conducted on rarified data. 
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 Archaea community structure analysis 
Exposure to catalyzed APL with and without aeration significantly altered the Archaeal 
community at the genus level compared to control digester communities (Figure 26). A 
total of 10 ± 2 (average ± standard deviation) Archaeal OTUs at the genus level were 
identified among all digester samples analyzed (Table 12). Significant differences in 
Archaeal community composition at the genus level were observed in the inhibited 
digesters fed catalyzed APL, whereas the Archaeal communities in digesters that 
maintained function (control digesters and digesters fed non-catalyzed APL) were more 
similar (Figure 26). 
Table 12. Number of Archaeal OTUs identified in each digester set 
OUT numbers (average ± standard deviation) 
Digester set Day 15 Day 30 Day 45 
Control 10 ± 4 11 ± 1 11 ± 2 
Catalyzed APL 11 ± 2 12 ± 1 8 ± 1 
Non-catalyzed APL 14 ± 2 10 ± 2 8 ± 1 
 
On day 15, all Archaeal communities were relatively similar based on overlap of 95% 
confidence ellipses in nMDS plot (Figure 26). However, by days 30 and 45, Archaeal 
communities in inhibited digesters that received catalyzed APL had diverged and they were 
different from the two other digester sets (control digesters and digesters fed non-catalyzed 
APL) at a 95 percent confidence interval. There was a shift in the Archaeal communities 
in digesters that received catalyzed APL and the Archaeal communities changed to be 
different from that of the control digesters. 
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Figure 26. nMDS plot for Archaea obtained from eleven Archaeal OTUs, identified 
based on 97% similarity and representing 99.9% of the total Archaeal sequences in 
control, catalyzed and non-catalyzed digesters. Ellipses represent 95% confidence 
intervals for the three points (each group represents the three triplicate digesters). On day 
15, all digesters had high similarity (overlapping ellipses). On days 30 and 45, catalyzed 
APL clusters showed a significant shift from control and non-catalyzed clusters. 
On day 15, all the digesters were observed to have Methanosaeta as the dominant Archaeal 
genus (84-94% relative abundance) (Figure 27). On days 30 and 45, shifts in Archaeal 
community composition were observed in inhibited versus uninhibited digesters. On days 
30 and 45, in the uninhibited digesters (control digesters and digesters fed non-catalyzed 
APL), Methanosaeta was still observed to be dominant (66-95%). The effluent VFA results 
also show that concentration of acetic acid in these systems were very low (< 2 mg/L at 
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day 30) so that Methanosaeta were probably consuming the acetate. On the other hand, the 
Archaeal communities in inhibited digesters on days 30 and 45 were dominated by 
Methanobrevibacter (54-75%). The concentration of acetic acid in catalyzed APL systems 
increased to 1,500 mg/L. Lower methane production and higher effluent acetate 
concentration in the poor performing digesters fed catalyzed APL was correlated with 
lower relative abundance of Methanosaeta (Liu & Whittman, 2008).  
 
 
OTU Class Order Family Genus 
1 
Thermoplasmata Methanomassiliicoccales Methanomassiliicoccaceae 
Candidatus 
methanogranum 
2 Thermoplasmata Thermoplasmatales Thermoplasmataceae Thermoplasma 
3 Methanomicrobia Methanomicrobiales Methanospirillaceae Methanospirillum 
4 Thermoplasmata Methanomassiliicoccales Methanomassiliicoccaceae Methanomassiliicoccus 
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5 Methanobacteria Methanobacteriales Methanobacteriaceae Methanobacterium 
6 Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter 
7 Methanomicrobia Methanomicrobiales Methanomicrobiaceae Methanoculleus 
8 Methanomicrobia Methanomicrobiales Methanoregulaceae Methanosphaerula 
9 
Thermoplasmata Thermoplasmatales 
unclassified 
Thermoplasmatales 
Thermogymnomonas 
10 Methanomicrobia Methanosarcinales Methanosarcinaceae Methanomethylovorans 
11 Methanomicrobia Methanosarcinales Methanosaetaceae Methanosaeta 
Figure 27. Dual hierarchal clustering of the 11 Archaeal OTUs observed at highest 
average relative abundance in control, catalyzed and non-catalyzed APL digesters on 
days 15, 30 and 45. Based on 97% similarity, these 11 OTUs represent 99.9% of the total 
Archaeal abundance in all digesters. Coloring indicates the relative abundance of the 
OTU within the digesters from 0 to 100%. Labels A, B, and C correspond to samples 
taken at days 15, 30, and 45, respectively. Each three replicates of control (1, 2, 3), 
catalyzed unaerated (4, 5, 6) and non-catalyzed unaerated (7, 8, 9) digesters are 
represented with a letter and a number to indicate the day the DNA sample is collected at 
and the digester (e.g. A1 demonstrates sample taken from control reactor at day 15). All 
digesters on day 15 (represented by A), all are dominated by Methanosaeta (OUT 11) 
(84-94% relative abundance). However, the inhibited digesters are dominated by 
Methanobrevibacter (OTU 6) after day 30. 
 Bacteria community structure analysis 
An average of 278 ± 45 Bacterial OTUs at the genus level were identified across all the 
digesters (Table 14). Analyses were performed on the 30 genera with the highest relative 
abundance that corresponded to more than 80% of the total Bacterial relative abundance. 
Table 13. Number of Bacterial OTUs identified in each digester set 
OUT numbers (average ± standard deviation) 
Digester Day 15 Day 30 Day 45 
Control 263 ± 91 283 ± 7 231 ± 17 
Catalyzed 352 ± 8 269 ± 8 236 ± 3 
Non-catalyzed 352 ± 8 261 ± 23 257 ± 22 
 
In Bacterial community structure, a shift was observed even on day 15 when the inhibited 
digester communities (fed catalyzed APL) were distinctly different from communities in 
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the two other digester sets (control digesters and digesters fed non-catalyzed APL) at a 95 
percent confidence interval (Figure 28). On days 30 and 45, the bacterial communities in 
digesters that received catalyzed APL diverged more noticeably from those in the control 
digesters. Microbial communities in digesters fed non-catalyzed APL also shifted from 
those in control digesters; however, communities in digesters fed non-catalyzed APL were 
still closely related to the control digesters at 95 percent confidence interval (Figure 28). 
 
Figure 28. nMDS plot for Bacteria obtained from 30 Bacterial OTUs identified based on 
97% similarity and representing >80% of the total Bacterial sequences in control, 
catalyzed and non-catalyzed digesters. Ellipses represent 95% confidence intervals for 
the three points (each group represents the three triplicate digesters).  
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The Bacterial genus which dominated in all the digesters was Clostridium, which is a 
fermentative Bacterium (12-23% relative abundance) (Figure 29). The only shift that was 
observed in Bacterial community composition was that relative abundance of some genera 
were reduced to almost zero in inhibited digesters (fed catalyzed APL) after about 30 days. 
Some of these genera that had zero/very low relative abundance were Ruminococcus (1%), 
Fusobacterium (0%), Geobacter (0%), Kosmotoga (0%), Deferribacter (1%), and Geotoga 
(0%). 
 
OTU Class Order Family Genus 
1 Gammaproteobacteria Chromatiales Halothiobacillaceae Halothiobacillus 
2 Clostridia Thermoanaerobacterales Thermoanaerobacteraceae Thermoanaerobacter 
3 Deltaproteobacteria Desulfobacterales Desulfobacteraceae Desulfofaba 
4 
Elusimicrobia Endomicrobia Endomicrobiales 
Candidatus 
endomicrobium 
5 Deltaproteobacteria Syntrophobacterales Syntrophaceae Syntrophus 
6 Tissierellia unclassified unclassified Tissierellia Sedimentibacter 
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7 Sphingobacteriia Sphingobacteriales Sphingobacteriaceae Solitalea 
8 Fusobacteriia Fusobacteriales Fusobacteriaceae Fusobacterium 
9 Clostridia Clostridiales Ruminococcaceae Ruminococcus 
10 Deltaproteobacteria Desulfuromonadales Geobacteraceae Geobacter 
11 Thermotogae Kosmotogales Kosmotogaceae Kosmotoga 
12 Deferribacteres Deferribacterales Deferribacteraceae Deferribacter 
13 Thermotogae Petrotogales unclassified Geotoga 
14 Tissierellia Tissierellales Tissierellaceae Tissierella 
15 
Clostridia Clostridiales Ruminococcaceae 
Candidatus 
soleaferrea 
16 Bacilli Lactobacillales Carnobacteriaceae Trichococcus 
17 Bacteroidia Bacteroidales Bacteroidaceae Bacteroides 
18 Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae Verrucomicrobium 
19 Spirochaetia Spirochaetales Spirochaetaceae Treponema 
20 Bacteroidia Marinilabiliales Marinilabiliaceae Anaerophaga 
21 
unclassified unclassified unclassified 
Candidatus 
cloacimonas 
22 Cytophagia Cytophagales Cytophagaceae Cytophaga 
23 Anaerolineae Anaerolineales Anaerolineaceae Longilinea 
24 Anaerolineae Anaerolineales Anaerolineaceae Bellilinea 
25 Clostridia Clostridiales Ruminococcaceae Acetivibrio 
26 Bacteroidia Bacteroidales Tannerellaceae Parabacteroides 
27 Bacteroidia Bacteroidales Rikenellaceae Rikenella 
28 Clostridia Clostridiales Syntrophomonadaceae Syntrophomonas 
29 Synergistia Synergistales Synergistaceae Synergistes 
30 Clostridia Clostridiales Clostridiaceae Clostridium 
Figure 29. Dual hierarchal clustering of the top 30 Bacterial OTUs observed in control, 
catalyzed and non-catalyzed APL digesters on days 15, 30 and 45. Based on 97% 
similarity, these 30 OTUs represent > 80% of the total Bacterial abundance in all the 
digesters. Coloring indicates the relative abundance of the OTU within the digesters from 
0 to 25%. Labels A, B, and C correspond to samples taken at days 15, 30, and 45, 
respectively. Each three replicates of control (1, 2, 3), catalyzed unaerated (4, 5, 6) and 
non-catalyzed unaerated (7, 8, 9) digesters are represented with a letter and a number to 
indicate the day the DNA sample is collected at and the digester (e.g. A1 demonstrates 
sample taken from control reactor at day 15). All digesters on day 15 (represented by A), 
are dominated by Clostridium (12-23% relative abundance). In the inhibited digesters, 
some genera including Ruminococcus (1%), Fusobacterium (0%), Geobacter (0%), 
Kosmotoga (0%), Deferribacter (1%), and Geotoga (0%) have almost disappeared 
(OTUs 9 to 13). 
To investigate alpha diversity and evenness of the whole microbial community, Shannon 
diversity index (H) and evenness (E) values were computed (Table 13). Approximately, H 
values were very similar in all digesters on all days 15, 30, and 45 and no significant 
statistical difference was observed among control and inhibited and uninhibited digesters 
(p>0.05, n= 3). The same pattern was observed in E values where there was no statistical 
difference among digester groups during steady state (p>0.05, n= 3). 
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Table 14. Shannon index (H) and evenness (E) in the whole microbial 
community, in control, catalyzed APL and non-catalyzed APL digesters 
Day Digester H E 
15 
Control-1 3.7 0.7 
Control-2 3.6 0.6 
Control-3 3.6 0.7 
Catalyzed unaerated-1 3.6 0.6 
Catalyzed unaerated-2 3.5 0.6 
Catalyzed unaerated-3 3.5 0.6 
Non-catalyzed unaerated-1 3.6 0.6 
Non-catalyzed unaerated-2 3.6 0.6 
Non-catalyzed unaerated-3 3.6 0.6 
30 
Control-1 3.4 0.6 
Control-2 3.3 0.6 
Control-3 3.3 0.6 
Catalyzed unaerated-1 3.4 0.6 
Catalyzed unaerated-2 3.4 0.6 
Catalyzed unaerated-3 3.4 0.6 
Non-catalyzed unaerated-1 3.1 0.6 
Non-catalyzed unaerated-2 3.3 0.6 
Non-catalyzed unaerated-3 3.1 0.6 
45 
Control-1 3.2 0.6 
Control-2 3.4 0.6 
Control-3 3.4 0.6 
Catalyzed unaerated-1 3.3 0.6 
Catalyzed unaerated-2 3.4 0.6 
Catalyzed unaerated-3 3.4 0.7 
Non-catalyzed unaerated-1 3.2 0.6 
Non-catalyzed unaerated-2 3.2 0.6 
Non-catalyzed unaerated-3 3.2 0.6 
 
 
3.4. Bioaugmentation as a solution 
Daily methane production during quasi steady state from digesters fed catalyzed aerated 
and unaerated APL were determined in each of the replicates individually (Figures 30 and 
31). Comparing methane production in each digester individually showed that methane 
production in each of the triplicate digesters fed catalyzed APL with and without aeration 
either increased or stabilized after steady state (Table 15 and 16). On average, 23% increase 
in methane production after steady state in digesters fed unaerated catalyzed APL, and 
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approximately 14% increase in methane production in digesters fed aerated catalyzed APL 
is observed. This finding suggests that there is a possibility that the microbes started 
acclimating to the catalyzed APL. 
Figure 30. Quasi steady state results: methane production in triplicate digesters 
fed catalyzed unaerated APL 
Table 15. Quasi steady state results: average methane production in individual 
replicates of digesters fed catalyzed unaerated APL 
Digester 
Days 30-32 Days 44-46 
Methane production (mL/day) 
(average ± standard deviation) 
Catalyzed unaerated-1 20.8 ± 0.4 23 ± 1.8 
Catalyzed unaerated-2 23 ± 0.7 30.2 ± 1.9 
Catalyzed unaerated-3 23.2 ± 0.8 29.5 ± 1.9 
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Figure 31. Quasi steady state results: methane production in triplicate digesters 
fed catalyzed unaerated APL 
Table 16. Quasi steady state results: average methane production in individual 
replicates of digesters fed catalyzed aerated APL 
Digester 
Days 30-32 Days 44-46 
Methane production (mL/day) 
(average ± standard deviation) 
Catalyzed aerated-1 22 ± 1.4 19.1 ± 0.8 
Catalyzed aerated-2 24.4 ± 1 31.6 ± 1.9 
Catalyzed aerated-3 22.7 ± 1 28.8 ± 2.3 
 
According to microbial community analysis, hydrogenotrophic Methanobrevibacter was 
favored in digesters fed catalyzed aerated APL. It is known that hydrogenotrophic 
methanogens are more tolerant to organic compounds such as phenol (Collins et al., 2005). 
Therefore, if they are given sufficient time, acclimation might occur. However, it is 
unknown that how long the acclimation process would take, hence, a more practical 
pathway could be to use an acclimated biomass where the microbes have already been 
exposed to the same type of compounds present in APL. Organic compounds such as 
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phenol and its derivatives are commonly identified in the constituents of the APL. A 
biomass containing high relative abundance of Methanobrevibacter where the population 
of this genus is enhanced, might increase the probability to degrade APL. Furthermore, 
Mathanosarcina was not detected in the Archaeal community. Methanosarcina is a very 
robust methanogen (De Vrieze et al., 2012), known to be dominant in digesters with better 
performance (Conklin et al., 2006) and more tolerant at high NH3-N concentrations (De 
Vrieze et al., 2012). Additionally, results of a study done by Shih et al. (1996) demonstrated 
that more stable digesters were dominated by Methanosarcina when phenol was fed to the 
digesters. Therefore, if Methanosarcina is also enhanced in these digester, APL 
degradation might take place more rapidly. Consequently, using bioaugmentation to 
increase populations of favorable and acclimated microbes such as hydrogenotrophic 
methanogens and Methanosarcina may result in APL degradation. 
3.5. Conclusions 
Continuous co-digestion of synthetic primary sludge and APL was conducted to determine 
if methanogenic microbial communities microbes can acclimate to APL after quasi-steady 
state operation for anaerobic digesters fed synthetic primary wastewater sludge along with 
APL.  
Digesters fed catalyzed APL exhibited more methane production inhibition than digesters 
fed non-catalyzed APL. This was indicated by poor digester function in both digester sets 
that received aerated and unaerated catalyzed APL compared to control digesters.  
Archaeal community composition in inhibited digesters fed catalyzed APL were different 
from those in uninhibited digesters (control digesters and digesters fed non-catalyzed 
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APL). This indicated that there was a shift in the Archaeal community composition in 
digesters that received catalyzed APL. The Archaeal communities in inhibited digesters on 
days 30 and 45 were dominated by the hydrogenotrophic Methanobrevibacter (54-75%) 
and growth of acetate-consuming Archaea (i.e., Methanosaeta) was inhibited. 
The Bacterial community composition in digesters that received catalyzed APL were 
distinctly different from those in control digesters and digesters fed non-catalyzed APL. 
The genera that dominated in all the digesters was Clostridium.  
APL air stripping of NH3-N improved methane production in digesters fed non-catalyzed 
aerated APL where 1.5 ± 1.7 mL/day extra methane was produced compared to control 
digesters. The additional methane production observed when non-catalyzed aerated APL 
was co-digested may have resulted from the APL COD. There was no significant difference 
in methane production in digesters fed aerated versus unaerated catalyzed APL.  
 
  
74 
 
 
4. Overall conclusion and recommendations 
Pyrolysis is a technology that potentially could be used to sustainably manage wastewater 
biosolids and recover energy. It is a thermochemical process during which wastewater 
solids are converted to energy-rich products in the absence of oxygen using high 
temperatures of approximately 400 – 1000 °C. Pyrolysis can produce renewable fuels in 
the form of py-oil and py-gas which can be burned to generate heat and energy and produce 
biochar which is used as a soil amendment and to reduce greenhouse gas emissions (Laird 
et al., 2009).  
Crude py-oil has limited applications due to its high viscosity, high water and ash content, 
and high corrosiveness. A fourth byproduct of the pyrolysis process is the aqueous 
pyrolysis liquid (APL). There is currently no apparent use found for APL. Therefore, there 
is a need to develop appropriate ways to utilize APL and recover its potential energy. 
Anaerobic digestion is one well-established process to convert sludge to biogas containing 
methane which is a valuable source for heat and energy. 
The objective of the first phase of this research was to determine the properties of the 
catalyzed and non-catalyzed APLs and estimate APL organic loading that would be 
sustainable for anaerobic digesters. Characteristics of both APLs indicate that catalysis had 
a significant effect on COD and VFA reduction. However, NH3-N concentration did not 
significantly decrease. Catalyzed APL also contained fewer constituents compared to the 
non-catalyzed APL based on GC-MS and GC-FID analysis on components. 
Anaerobic toxicity assays (ATAs) were performed to determine a sustainable anaerobic 
digestion organic loading rate. Both catalyzed and non-catalyzed APLs contained high 
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concentrations of NH3-N that could be inhibitory in anaerobic digestion. NH3-N stripping 
was employed to reduce NH3-N concentration present in both catalyzed and non-catalyzed 
APLs. Aeration helped decrease NH3-N concentration by about 80% in both non-catalyzed 
and catalyzed APL.  
ATA results indicated that catalyzed APL was more inhibitory to methane production than 
non-catalyzed APL. Non-catalyzed APL exhibited significant inhibition at concentrations 
of 4 and 2.3 gCOD/L. Catalyzed APL cause a total cessation of methane production at 
concentrations of 4 and 2.3 gCOD/L and methane production rate at 0.6 and 0.3 gCOD/L 
was inhibited.  
Apparent IC50 values were determined; IC50 = 0.3 gCOD/L for catalyzed APL and IC50 = 
2.3 gCOD/L for non-catalyzed APL. The highest COD loading that demonstrated very little 
inhibition of methane production was approximately 0.5 g COD/L for non-catalyzed APL 
and 0.10 gCOD/L for catalyzed APL. 
In the second phase of this study, continuous co-digestion of synthetic wastewater sludge 
and APL was conducted to determine if microbes could acclimate to APL. Digesters fed 
unaerated non-catalyzed APL produced a similar amount of methane as control digesters 
(approximately 38 mL methane/day). Digesters fed aerated non-catalyzed APL produced 
1.5 ± 1.7 mL/day extra methane compared to control digesters which was significantly 
greater. Digesters fed catalyzed APL with and without aeration exhibited higher inhibition 
and statistically lower methane production (28 mL methane/day).   
All the digesters initially contained Methanosaeta as the dominant Archaeal genus (84-
94% Archaeal relative abundance). On days 30 and 45, in the uninhibited digesters (control 
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digesters and digesters fed non-catalyzed APL), the Archaeal genus Methanosaeta was still 
observed to be dominant (66-95%). On the other hand, the Archaeal communities in 
inhibited digesters on days 30 and 45, were dominated by Methanobrevibacter (54-75%). 
Therefore, the acetate consuming Archaea (Methanosaeta) were inhibited. Lower methane 
production and higher effluent acetate concentration in the poor performing, inhibited 
digesters were associated with lower relative abundance of Methanosaeta. 
If microbes are provided with sufficient time, adaptation to this APL may occur and 
microbes may degrade the APL and convert it to methane. However, it is unknown how 
long the acclimation process would take. Therefore, if an acclimated biomass that has 
already been exposed to the same type of compounds present in the APL is used as 
inoculum, then the anaerobic degradation process may improve. A future study using 
acclimated biomass would be beneficial to prove this hypothesis. 
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